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Abstract 
 
 
The work in this thesis addresses the synthesis and characterization of porous carbon 
substrates, and their electrochemical and fuel cell evaluation. The approach involves 
using porous carbon materials of different pore characteristics as electrocatalyst 
materials for use as cathode catalyst substrates in direct methanol fuel cells (DMFC).  
 
In this work, a porous carbon, known as carbonaceous Celatom or C-Celatom, was 
prepared by template synthesis using a widely abundant, inexpensive macroporous 
silica structure diatomaceous earth (Celatom FW-80). Ordered mesoporous carbon 
CMK-3 was also produced by template synthesis of mesoporous silica SBA-15. 
Scanning electron microscopy (SEM) and x-ray diffraction (XRD) were used to 
confirm the synthesis of the desired carbon structures. 
 
Three different platinum deposition techniques were investigated for electrocatalyst 
synthesis, an incipient wetness technique, as ethylene glycol reduction technique, and 
an alkoxide reduction technique. Transmission electron microscopy (TEM) and SEM 
analysis of the catalysts formed using the incipient wetness and ethylene glycol 
techniques showed that the synthesized catalysts were not suitable for fuel cell use.  
 
Optimization of the alkoxide reduction technique resulted in a deposition technique that 
resulted in a well-dispersed catalyst with small, uniform particle sizes (2.1 - 3.1 nm). 
The synthesized electrocatalysts were evaluated electrochemically and found to have 
high electrochemically active surface areas (ESA) of 33.38 m2 g−1Pt for Pt/Vulcan XC-
72, 22.45 m2 g−1Pt for Pt/CMK-3 and 20.51 m
2 g−1Pt for Pt/C-Celatom.  
 
The oxygen reduction (ORR) activity was evaluated by linear sweep voltammetry 
(LSV). The Pt/C-Celatom exhibited the greatest activity towards the oxygen reduction 
reaction, and the greatest number of active sites for the ORR. Assessment of the 
material by electrochemical impedance spectroscopy (EIS) also showed that an MEA 
with C-Celatom as the cathode catalyst has the lowest combines charge transfer and 
mass transport resistance.  
 
Single cell DMFC testing was carried out with each of the experimental substrates. The 
synthesized catalysts demonstrated high performance over a range of temperatures and 
feed molarity concentrations. The C-Celatom MEA exhibited the greatest power output 
of the synthesized catalysts for low molarity operation, with peak power densities of 
25.8 and 32.6 mW cm−2 with 0.5M and 1M feed respectively 
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CHAPTER 1. I*TRODUCTIO* 
 
 
This chapter presents a brief introduction to the research and an overview of the thesis. 
A general background to fuel cells is given, followed by a discussion of the motivation 
for this study and an outline of the research objectives. A brief overview of the scope of 
the thesis is also presented. 
1.1. BACKGROU*D 
Fuel cells are electrochemical conversion devices that produce electrical energy and 
heat directly by a controlled chemical reaction. Reactions occur on either side of a 
semi-permeable electrolyte, where a fuel is oxidized catalytically at the anode, and an 
oxidant is reduced at the cathode. These reactions, and the subsequent flow of ions 
through the electrolyte and electrons through an external circuit, generate electricity. 
The fuel, oxidant and electrolyte vary depending on the type of fuel cell (O'Hayre 
2006). A simple schematic of a single fuel cell is shown in Figure 1.1. 
 
The membrane electrode assembly (MEA) is the central component of the fuel cell, as 
it is where the electrochemical reactions occur. The MEA consists of a membrane and 
two electrodes, each containing a porous backing layer, a microporous carbon layer, 
and a catalyst layer. The catalyst layer is necessary to facilitate the chemical reaction 
and increase overall performance. Catalyst particles are supported on a conductive 
substrate whose structure dictates the availability of electrolyte and reagents to the 
catalyst sites, as well as the transport of electrons and ions through the substrate and the 
electrolyte respectively. Between the electrodes is a semi-permeable electrolyte, which 
serves to separate the electrodes and prevent permeation of reagents and electrode 
materials. The electrolyte allows the transport of ions between electrodes while also 
prohibiting the flow of electrons, so that electrons can only flow through the external 
circuit.  
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Anode Cathode  
Figure 1.1 Schematic diagram of a fuel cell 
1.2. MOTIVATIO* FOR THIS STUDY 
Fossil fuels, non-renewable hydrocarbons, are currently being used to meet the majority 
of the world’s current energy demand. The current political climates and increasing 
media attention on the effects of fossil fuels have caused an increased focus on fuel 
conservation, and consequently alternative energy technologies. Research into many 
different emerging technologies has been done in order to determine how each can be 
used to bear a portion of the world’s energy demand. Fuel cells, which exhibit zero to 
low emission operation, are a promising alternative energy technology (Wang et al. 
2010). 
 
Proton exchange membrane fuel cells have been examined for both stationary and 
portable applications. They are particularly attractive due to their quick start-up, low 
temperature operation, and high energy density fuel (de Bruijn 2005). Direct methanol 
fuel cells (DMFC), specifically, have the added benefits of not requiring fuel 
reformation, and relatively simple control systems (Apanel and Johnson 2004), making 
them ideal for portable energy applications. Methanol also has a higher volumetric 
energy density and storage efficiency than hydrogen, due to the fact that methanol is a 
liquid at standard conditions (Zhang 2008). 
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There are a few hindrances that prevent fuel cells from becoming commercially viable 
for these applications, however. The use of a platinum catalyst to facilitate the reaction, 
and the high catalyst loadings necessary especially for DMFC, contribute to the 
prohibitively high costs. These costs can be greatly alleviated by decreasing the amount 
of platinum catalyst used in fuel cells (Wee 2007). There are two approaches to 
reducing the platinum loading:  
i. reducing the effects of mass transport that occur at high current densities by 
improving diffusion and optimizing electrode structure, and  
ii. improving catalytic activity and utilization.  
Though these mechanisms are often closely related, this research focuses on the latter 
option, optimizing the electrode structure by changing the catalyst support structure 
(Shao et al. 2007).  
 
Carbon supports play an important role in the fuel cell for a few different reasons. The 
structure of the support can affect the size, dispersion, and electrochemical surface area 
of the metal catalyst particles. Support structures also play an important role in mass 
transport, electronic conductivity and mechanical strength of the catalyst layer, which 
in turn are related to the cell reaction rate and the MEA durability. The properties of the 
catalyst layer such as porosity, pore size distribution, tortuosity, and surface area have 
strong effects on the catalyst performance (Shao et al. 2007). 
 
Vulcan-XC 72 is the most commonly used commercially available catalyst support. 
Vulcan is the most commonly used material at least partially because it exhibits high 
chemical stability in the fuel cell environment, and because it has relatively high 
surface area (250 m2/g), and electrical conductivity (Qu et al. 2005).. However, Vulcan 
is not the ideal material. Its pore structure predominantly consists of micropores; it has 
been reported that up to 47% of its pore volume is micropores (Uchida et al. 1995). As 
a consequence, some pores may be too small to allow access to the polymer electrolyte, 
resulting in trapped Pt nanoparticles. Pores smaller than 40nm allow for only limited 
accessibility for Nafion, which means that Pt particles in these pores cannot contribute 
to the electrochemical reaction as, in the absence of an electrolyte, there is no 
mechanism for ions to be transported to or from the electrode surface, so the 
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electrochemical reaction cannot occur (Uchida et al. 1998). A higher loading may be 
necessary to compensate for the catalyst that is not utilized.  
 
The overall objective of this project is to develop an alternative carbon support 
structure to be used in fuel cell catalyst materials. In this study, a new form of 
templated carbon using diatomaceous earth, a low-cost natural material with a 
hierarchical macro/mesoporous structure, will be evaluated as a fuel cell catalyst 
material for the first time. In order to compare this new material with those studied in 
previous work, carbon black, Vulcan XC-72, and mesoporous carbon, CMK-3, will 
also be tested. Based on the pore characteristics, and initial materials testing done on 
this substrate (Graniel-Garcia 2008), carbonaceous Celatom (C-Celatom) has the 
potential to be an acceptable electrocatalyst support. Using these three materials, with 
different structures and pore characteristics, it will be possible to determine which of 
the materials exhibits the most optimal structural characteristics for the DMFC cathode 
support, and the ideal operating conditions for each structure. Following platinum 
deposition, the performance of the developed material will be evaluated in a direct 
methanol fuel cell in comparison with standard commercial catalyst materials and other 
alternative materials. Finally, each catalyst material will be electrochemically 
characterized in order to investigate the differences in performance between materials. 
1.3. THESIS OUTLI*E 
Following this chapter, a more detailed introduction to fuel cells is given in chapter 2. 
A history of fuel cells is provided, followed by a discussion of contemporary fuel cell 
technology, with specific focus on DMFC. Fuel cell efficiency and the factors that 
affect cell performance are also discussed.  
 
In chapter 3, current research into the materials used in the catalyst layer and platinum 
deposition techniques are discussed. Chapter 4 presents the techniques used for the 
synthesis and characterization of materials used in this study. The characteristics of the 
various commercial and synthesized materials are discussed. 
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These synthesized materials are examined electrochemically in chapter 5. The 
differences in performance exhibited by tested materials, in terms of activity and active 
surface area, are analyzed.  
 
Chapter 6 presents the methodology and findings from DMFC fuel cell tests. Data 
showing fuel cell performance for a cell using an MEA prepared with commercial 
catalyst are presented and discussed, including investigation of the effect of the fuel 
cell operating conditions. Results obtained using MEAs prepared with three different 
carbon support materials are presented. A model of the fuel cell potential has been 
fitted to the experimental data in order to quantify the contribution of different loss 
mechanisms to the overall performance.  
 
Finally, in chapter 7, the objectives and results of this thesis are reviewed. The desired 
characteristics of the catalyst substrate material are considered based on the results of 
this work. The contribution and limitations of the research undertaken are discussed, 
and suggestions for future work in this field are presented. 
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CHAPTER 2. PEM FUEL CELLS 
 
 
 
 
In this chapter, the basic principles and mechanisms behind fuel cell performance, with 
specific focus on DMFC, will be explained. This includes a brief history of fuel cell 
development and an explanation of the different types of fuel cell. The advantages and 
limitations of fuel cells, from both environmental and commercial standpoints, are 
discussed. 
2.1. FUEL CELL APPLICATIO*S 
Energy generation via fuel cells is desirable because they have high theoretical 
efficiencies, since they do not work by combustion and there are no moving parts 
involved in their operation. Given the differences in scale, materials, and operational 
complexity, it stands to reason that each fuel cell system varies in its possible 
applications. These applications can be divided into three general categories: 
transportation, stationary and portable applications.  
 
Fuel cells generate electricity electrochemically, which gives them some advantages 
over other systems. Since chemical energy is directly converted into electrical energy 
the efficiency is not limited by the cell heat; in contrast, heat engines are subject to the 
Carnot efficiency limit, which is determined by the maximum temperature of the 
system and the temperature of fluid exiting the system (Larminie 2003; O'Hayre 2006). 
It has been shown that, for similar system sizes (0.01-1 MW), fuel cells exhibit greater 
efficiency (electrical energy output as a percentage of the lower heating value, LHV, of 
the fuel) than other competing technologies (Srinivasan 2006).  
 
Another advantage to the electrochemical nature of fuel cell systems is the lack of 
moving parts in the process of electricity generation. This means that fuel cells are 
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silent, and also present the potential for reliable, long-lasting systems. The presence of 
secondary systems which generally include moving parts, does not greatly decrease the 
reliability of these systems relative to the reliability of internal combustion engines or 
heat engines (Kordesch 1996; O'Hayre 2006).  
 
In contrast to combustion based energy conversion systems, fuel cells do not generate 
significant quantities of pollutant byproducts, such as SOx, NOx, and particulate matter, 
although some pollution may occur in the preparation of the fuel. In fact, a H2-O2/air 
PEM fuel cell produces only water and heat as reaction products; they can be 
considered a zero-emission technology at the point of use (O'Hayre 2006; Srinivasan 
2006). 
 
Fuel cells are an improvement over batteries because they can be more easily tailored 
for specific usage. A fuel cell system’s power is determined by the size of the fuel cell 
(or fuel cell stack), while its capacity is determined by the supply of fuel. These 
qualities are often connected in batteries; consequently, they tend to scale poorly at 
larger sizes (O'Hayre 2006). Another advantage of fuel cells when compared to battery 
systems is their capacity for quick refueling; batteries must either be thrown away or 
electrically recharged, which can be time-consuming.  
 
Finally, fuel cell systems are very versatile. Each type of fuel cell may not be suitable 
for every application but, as a whole, fuel cells cover the vast majority of energy 
conversion applications. As well as small scale applications (such as portable 
electronics or transport), they can be used to generate electricity on a large scale, which 
can then be distributed via power grids, Mobile fuel cell systems, such as PEMFC and 
DMFC, can be used to generate electricity in emergencies, due to their quick start-up 
(Larminie 2003). In addition, fuel cells can be utilized in remote areas, which reduces 
the need for power lines and their resulting transmission losses (Kordesch 1996).  
2.2. FUEL CELL DEVELOPME*T 
The first fuel cell was developed in 1839 by Sir William R. Grove. Grove’s fuel cell 
consisted of two strips of platinum, each one half submerged in dilute sulfuric acid, 
which acted as an aqueous acid electrolyte (Blomen 1993; Larminie 2003). Tubes of 
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reagent gas were inverted over each platinum electrode, one each of hydrogen and 
oxygen. When the tubes were lowered, the electrolyte was displaced by the gases 
contained in the tubes; this left a thin film of electrolyte on each electrode. Four such 
cells were connected in series and the generated current was used to decompose water 
in an electrolysis cell (Srinivasan 2006). 
 
Though the cell designed by Grove was an important demonstration of the principles 
behind fuel cells, the poor performance of the cell has allowed for many subsequent 
improvements. The current produced by Grove’s fuel cell was low, due to the relatively 
large distance between electrodes and the small contact area of fuel, electrode and 
electrolyte (Larminie 2003). The former reduces performance due to the resistance to 
flow of ions through the electrolyte, which increases with distance between electrodes, 
while the necessity of three-phase contact of the gas, electrode and electrolyte for 
chemical reaction and ionic transport make the latter an important concern. 
 
In the following years, many researchers made improvements on the Grove fuel cell, 
increasing the active surface area of the electrode and reducing the internal resistance 
of the system, but these developments were not demonstrated through technological 
development until Francis T. Bacon, beginning in the late 1930’s (Hoogers 2003). 
Bacon’s research focused on using non-precious metal catalysts and alkaline 
electrolytes in high-temperature, high-pressure fuel cells. Partially based on Bacon’s 
work, high-pressure H2-O2 alkaline fuel cells were developed for use by NASA’s 
Apollo space missions in the 1960’s (Kordesch 1996).  
 
The fuel cell system developed for NASA was an improvement over conventional 
batteries of the time as it was lighter. However, the high cost and relatively short 
lifetime (~500 hours) of the high-pressure alkaline fuel cell, while of little consequence 
to an agency such as NASA, severely hampered the commercialization of fuel cells for 
other applications (Larminie 2003). 
 
The difficulties of dealing with the sealing and circulating of the liquid electrolytes led 
to the development of solid polymer electrolyte fuel cells. The solid polymer electrolyte 
fuel cell was developed by General Electric, and used on the 1965 Gemini earth 
orbiting mission. The electrolyte was made of cross-linked polystyrene, with sulfonic 
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acid groups on the side chains, held together with an inert binder material (Hoogers 
2003).  
 
Durability tests of the fuel cells used on Gemini showed that the cell voltage decayed at 
a rate of 1-5mV per hour. This was mostly due to degradation of the membrane 
(Hoogers 2003). This problem was addressed in the early 1970s by researchers at EI du 
Pont de Nemours & Company, who developed a solid polymer that was able to 
withstand the fuel cell environment, primarily due to its PTFE backbone. This material 
was later branded as Nafion®, and remains the most commonly used membrane 
material in fuel cells today (O'Hayre 2006).  
 
Since the development of Nafion®, polymer electrolyte fuel cells have been researched 
extensively, with dramatic increases in activity occurring following the 1979 US 
energy crisis (a result of the Iranian revolution), and again in 1990 during the Gulf War 
(Perry and Fuller 2002). In recent years, fuel cells and their applications have received 
widespread media attention, along with other “green” technologies, due to growing 
concern over environmental pollution and fears of a future energy crisis. The drive 
towards more environmentally-friendly energy generation and reduction of dependence 
on fossil fuels has revealed the need for efficient, low-cost fuel cells. 
2.3. TYPES OF FUEL CELL 
Many different types of fuel cell have been developed since the conception of the 
Grove cell. While these fuel cells are similar in the most general sense, they vary in 
reagent materials, electrolytes, efficiency, scale, and practical application, amongst 
others. Descriptions of the most common types of fuel cell are given below. 
 
The reversible cell potential of a system can be determined by the sum of all potentials 
in the system. In short: 
∑ ∑ −= 00 reactionshalfcell EE                     Equation 2-1 
                          
The reversible potential for each of the half reactions, as shown in Table 2.1, which 
describes the relationship between the Gibbs free energy of formation and the standard 
cell potential.  
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2.3.1. Phosphoric Acid Fuel Cells (PAFC) 
Similar to Grove’s fuel cell described above, phosphoric acid fuel cells employ a liquid 
electrolyte. In a PAFC, liquid phosphoric acid (H3PO4) is contained in a thin SiC 
matrix, between two porous graphite electrodes. The hydrogen fuel and oxygen (or air) 
react at their respective Pt catalyst layers, either side of the H3PO4 electrolyte (O'Hayre 
2006). 
 
The phosphoric acid electrolyte solidifies at 42°C, which means that the fuel cell must 
be operated above this temperature (Srinivasan 2006). Because repeated freezing and 
thawing of the H3PO4 can cause mechanical stresses in the cell, PAFCs are almost 
always maintained at operating temperature.  Optimal performance of PAFCs occurs 
between 180-210°C; above 210°C, the phosphoric acid undergoes a phase change, 
making it unusable as an electrolyte. This high temperature of operation poses another 
problem, in that the liquid electrolyte gradually evaporates during operation and must 
continually be replenished (O'Hayre 2006). This in turn increases the overall operating 
cost of PAFCs. 
2.3.2. Alkaline Fuel Cells (AFC) 
Alkaline fuel cells, like PAFC, also employ a liquid electrolyte. In this case, the 
electrolyte is aqueous potassium hydroxide (KOH), which is the most conducting of the 
alkaline hydroxides (Blomen 1993). In contrast to PAFCs and other types of fuel cell, 
the charge carrier in AFCs is a hydroxide ion, conducted from the cathode to the anode. 
The most common reagents for this type of fuel cell are hydrogen and oxygen. 
 
As seen in Table 2.1 below, water is consumed at the cathode of the AFC, while it is 
produced twice as fast at the cathode. If this excess water is not removed from the 
system, the KOH electrolyte may be diluted, which causes a decline in system 
performance (Srinivasan 2006). Depending on the concentration of the electrolyte, the 
fuel cell can operate at temperatures between 60-250°C.  
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The major issue with alkaline fuel cells is that they are sensitive to even atmospheric 
concentrations of CO2 (Larminie 2003). The presence of CO2 degrades the KOH 
electrolyte; this reaction is as follows: 
OHCOCOOH 2
2
322 +→+
−−  
This means that, over time, the concentration of the hydroxide ion−, the charge carrier, 
decreases in the electrolyte. Also, the K2CO3 produced in this reaction can leak out of 
the cell, due to its lower solubility in water, and can lead to significant problems. The 
equipment necessary to mitigate these problems can be very expensive which, coupled 
with the fact that pure oxygen and hydrogen have to be used as reagents, makes AFCs 
not viable for terrestrial applications(Srinivasan 2006). For example, it costs NASA 
around $3 million to replace an AFC stack (Larminie 2003). 
2.3.3. Molten Carbonate Fuel Cell (MCFC) 
Molten carbonate fuel cells, unlike any of the previously mentioned fuel cells, do not 
employ a single material as a fuel. Instead, the relatively high operating temperature 
provides fuel flexibility; the MCFC can run on hydrogen, simple hydrocarbons and 
simple alcohols (O'Hayre 2006). The most common electrolyte is a mixture of alkali 
carbonates, Li2CO3, and K2CO3. The charge carrier in this case is a carbonate ion, 
CO3
2−, conducted from the cathode to the anode.  
 
As seen in Table 2.1 below, CO2 is produced at the MCFC anode and consumed at the 
cathode. The molten electrolyte does not allow for gas crossover, so the CO2 must be 
extracted from the anode by the system, and recirculated to the cathode. This is done by 
feeding the waste stream from the anode into a burner, where the excess fuel combusts, 
resulting in a mixture of steam and CO2. This stream is then mixed with air, and fed to 
the cathode of the fuel cell (Srinivasan 2006). 
2.3.4. Solid Oxide Fuel Cell (SOFC) 
Solid oxide fuel cells utilize a solid, non-porous ceramic electrolyte. The most 
commonly used SOFC electrolyte is yttria-stabilized zirconia (YSZ), an oxygen ion 
conductor. Thus, the mobile ion in the case of SOFCs is O2−.  
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The materials used to construct SOFCs are more complicated than other fuel cells, in 
that the anode and cathode have to be made of different materials. The anodic material 
has to be able to withstand a highly-reducing, high temperature environment, while the 
cathode material has to withstand a highly-oxidizing, high temperature environment 
(Blomen 1993).  
 
The most common material for the anode is a nickel-YSZ cermet (a mixture of ceramic 
and metal); the nickel provides conductivity and catalytic activity, while the YSZ 
provides ion conductivity and mechanical stability and maintains the high porosity 
necessary for operation. The common cathode materials include strontium-doped 
lanthanum manganite (LSM), lanthanum-strontium ferrite (LSF), lanthanum-strontium 
cobalt (LSC), and lanthanum strontium cobaltite ferrite (LSCF). These materials 
exhibit good oxidation resistance and high catalytic activity at the cathode (O'Hayre 
2006).  
 
A summary of some operational constraints and the reaction mechanisms of the fuel 
cell systems mentioned are shown in Table 2.1 below. 
 
Fuel 
Cell 
Electrolyte 
Charge 
Carrier 
Operating 
Temperature 
Power 
Density 
(mW/cm
2
) 
Reaction 
PAFC 
Liquid 
H3PO4 
H+ 150-200°C 150-300 
Anode: H2 →2H
++2e− 
Cathode: 1/2O2+2H
++2e−→H2O 
AFC 
Liquid 
KOH OH
− 60-220°C 150-400 
Anode: H2+2OH
−→2H2O+2e
− 
Cathode: 1/2O2+2e
−+H2O→2OH
− 
MCFC 
Molten 
Carbonate 
CO3
2− 600-650°C 100-300 
Anode: 
H2+CO3
2−→CO2+H2O+2e
− 
Cathode: 1/2O2+CO2+2e
−→CO3
2− 
SOFC Ceramic O2− 600-1000°C 250-350 
Anode: H2+O
2-→H2O+2e
− 
Cathode:1/2O2+2e
−→O2− 
Table 2.1 Reaction Mechanisms of Fuel Cells. From (Hoogers 2003; O'Hayre 2006). 
2.3.5. H2 Polymer Electrolyte Membrane (PEM) Fuel Cells 
Polymer electrolyte membrane (PEM) fuel cells work by the reaction of a fuel stream 
and an oxidant stream across a thin, semi-permeable polymer membrane. In the case of 
hydrogen PEM fuel cells, the fuel stream, hydrogen gas, is catalytically dissociated into 
electrons and hydrogen ions in the anode catalyst layer with platinum. The ions are 
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transported through a semi-permeable membrane to the cathode side, while the 
electrons, which cannot permeate the membrane, flow through an external circuit to the 
cathode. The oxygen stream supplied to the cathode catalyst layer reacts with both the 
ions that have permeated through the membrane and the electrons from the external 
circuit.  
 
The electricity in this reaction is generated by the flow of electrons through the external 
circuit from anode to cathode, and the heat is generated from the exothermic formation 
of water.  
 
The standard potentials for the H2 half-reaction are shown below. 
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              Equation 2-2 
where E0 is the reversible half-cell reaction. The Gibbs free energy of formation for the 
H2 half-reaction is zero, since there is no change involved in an elementary reaction at 
standard-state, thus the reversible potential of the H2 half-reaction is zero (O'Hayre 
2006). Equation 2-2 describes the overall reaction that occurs in an H2 PEMFC. 
 
A schematic diagram of an H2-O2 fuel cell is shown in Figure 2.1, to illustrate the 
reactions and the transport processes occurring in the cell. 
 
 35 
PEM
Catalyst 
Layer
Catalyst 
Layer
Gas-Diffusion Layers
H2 gas in
Excess H2 out Water/ O2 out
O2 gas in
e- e-
H2 O2
4e-
4H+
H+ H2O
Load
 
Figure 2.1 Diagram of Hydrogen PEM Fuel Cell 
The H2-O2 fuel cell is currently the most common fuel cell for a number of reasons. It 
currently exhibits the highest power density of the fuel cell classes. Due to their 
relatively simple reaction and fast kinetics, hydrogen PEMFCs react readily at low 
temperatures. Their simplicity, efficiency and quick start-up time make them ideal for 
many commercial applications (O'Hayre 2006).  
 
• H2 PEMFC Issues 
There are a few vital issues that prevent the widespread utilization of fuel cells. The 
humidity constraint of the most commonly used membrane, Nafion®, necessitates 
sophisticated control systems, and limits the operating temperature range of the cell. 
Also, due to the scarcity and expense of platinum, the use of this precious metal as a 
catalyst dramatically increases the overall cost of the fuel cell. The high cost of the 
polymer membrane, precious metal catalyst and control equipment lessen the feasibility 
of large-scale commercialization of this technology (Faraclas et al. 2006). 
 
The high capital cost of fuel cells means that they can only be economically 
competitive for a few specialized applications (e.g., AFCs for use in space shuttles).  
To illustrate this point, given the expensive materials used in its makeup and control, 
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hydrogen PEMFC MEAs currently cost around $61/kW for general use, and even more 
for distributed power (Energy Information Administration 2009). The DOE targets 
costs for fuel cells are $45/kW in 2010, and $31/kW by 2015, in order for them to 
compete with vehicular conventional technologies (Wang et al. 2010).  
 
In the figure below, the plant capital and operating cost estimates for stationary 
electricity generation, utilizing different technologies are shown. 
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Figure 2.2 Comparison of plant development costs using different electricity generation technologies. Cost 
data taken from (Energy Information Administration 2009). 
As seen in Figure 2.2, excluding photovoltaics, fuel cells have a higher capital cost than 
any other mentioned technology by a substantial amount (Energy Information 
Administration 2009). The margin is even greater when only considering more 
commonly used electricity generation technologies, shown to the left of the fuel cell 
column. The total cost of a fuel cell plant would need to be reduced to one-fifth of its 
current level in order to compete with conventional technologies.  
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The issue of hydrogen storage is another deterrent for the utilization of hydrogen fuel 
cells for portable applications (Barbir 2006). Most methods of hydrogen storage are 
bulky, inefficient and expensive. This does not mean that hydrogen fuel cells cannot be 
used, only that mobile applications can be hindered by size and expense; hydrogen fuel 
cells are still ideal for auxiliary power systems (O'Hayre 2006; Wang et al. 2010). In 
Table 2.2, a few methods of hydrogen storage and their overall energy densities are 
shown. 
 
Storage Method of 
Fuel 
Gravimetric 
Energy 
Density 
(kWh/kg) 
Volumetric 
Energy 
Density 
(kWh/L) 
Storage 
Efficiency 
(%) 
*et 
Gravimetric 
Energy 
Density 
H2  (350bar in 
cylinder) 
33.3 0.8 0.6 0.2 kWh/kg 
Liquid H2 (20K, 
1atm) 
33.3 2.3 0.65 0.22 kWh/kg 
Methanol in plastic 
tanks 
5.5 4.4 95 5.26 kWh/kg 
Table 2.2 Chart of Hydrogen Storage Energy Densities. Data from (Larminie 2003; Berry et al. 2004). 
The storage efficiency is a measure of the amount of fuel that can be utilized for fuel 
cell operation, as many storage techniques involve fuel loss. As seen in the table above, 
while the energy density of hydrogen itself is very high, the low efficiency of the 
storage methods reduces the overall energy density of the system greatly. For example, 
though methanol has a much lower energy density than hydrogen, the overall energy 
density is higher than that for stored hydrogen, due to the high storage efficiency. For 
this and other reasons, direct-methanol fuel cells have potential for widespread use. 
2.3.6. Direct Methanol Fuel Cells (DMFC) 
Direct methanol fuel cells (DMFC) are another type of PEMFC. The most important 
distinction between the two types of PEMFC is in the process reagents. Whereas the 
fuel in a hydrogen fuel cell is hydrogen gas, the fuel in a DMFC is liquid or vapor 
methanol. Other fuel cell systems with liquid fuels have been proposed (Lamy et al. 
2002). Of all these proposed alternate fuels, however, methanol has shown the most 
promise as a fuel source. 
 
The use of liquid fuel gives DMFCs a great advantage over hydrogen PEM fuel cells 
since, as discussed above, methanol can be stored much more efficiently and with much 
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less risk and cost than hydrogen gas. As a result, the control system for DMFC is much 
simpler than that of hydrogen PEMFC (Barbir 2006; Lim et al. 2006). DMFCs can be 
designed to operate at ambient temperatures which, along with the factors mentioned 
previously, allows for easier scaling of the control system. This makes DMFCs ideal 
for many portable electronics applications (Lamy et al. 2002; Larminie 2003; Apanel 
and Johnson 2004; Ge and Liu 2005; Barbir 2006).  
 
Methanol, while it is a simple hydrocarbon, has a more complicated electrochemical 
reaction than hydrogen, as seen in Equation 2-3. The reversible cell potential for 
DMFC is calculated in the same manner as described in Section 2.3.5 above. The 
standard potentials for the half-cell reactions of the methanol oxidation at the anode and 
the oxygen reduction at the cathode are (Srinivasan 2006): 
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As seen in the equation above, the reversible cell potential of DMFC is relatively high, 
being only slightly below that of hydrogen fuel cells. This, combined with the greater 
energy density exhibited by DMFC systems make them ideal for small-scale and 
portable applications.  
 
DMFC have market potential for portable applications due to the disadvantages of 
batteries. Batteries require external power sources to recharge and, in remote locations, 
the inaccessibility of grid power can be an issue (O'Hayre 2006). DMFC exhibit energy 
densities five to ten times those of rechargeable batteries, and can typically operate for 
much longer times (Kamarudin et al. 2009).  
 
• DMFC Issues 
The complicated chemical reaction of a DMFC is one of its biggest drawbacks. The 
oxidation reaction of methanol involves six electrons, which are not likely to react 
simultaneously. As a result, the reaction kinetics in the anode are slower than in the air 
reduction at the cathode. This means that the power densities achieved in DMFC are 
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lower at similar current densities than in hydrogen fuel cells (Apanel and Johnson 
2004; Barbir 2006).  
 
The rate of the kinetics of the anodic oxidation of methanol with platinum catalyst is 
poor compared to that of hydrogen (Ge and Liu 2005; Liu et al. 2006). Along with the 
slow reaction kinetics due to the complex reaction, the reaction mechanism of methanol 
oxidation is not as simple as it may seem. There are alternate reaction pathways that the 
reaction can take; the methanol oxidation is unlikely to occur in a single step (Lamy et 
al. 2002). A schematic of the possible reaction pathways of methanol is shown in 
Figure 2.3. 
 
 
Figure 2.3 Possible reaction pathways of methanol oxidation. 
When using pure platinum metal as the anode catalyst, it has been shown that there is a 
poisoning effect on the catalyst, predominantly caused by the carbon monoxide that is 
produced. When CO is present in the catalyst layer, it adsorbs preferentially onto the 
catalyst surface, and can occupy up to 90% of the catalyst surface (Lamy et al. 2001; 
Liu et al. 2006), which further reduces the reaction kinetics and thus cell performance.  
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Figure 2.4 Schematic of possible pathways of methanol dissociation to CO adsorbate on Pt catalyst 
surface. Redrawn from (Larminie and Dicks 2003). 
After the final step shown in Figure 2.4, CO is the only species adsorbed onto the 
surface of the catalyst after the methanol reaction. CO does not desorb readily from the 
catalyst and, while adsorbed onto the surface, blocks the reagents from reaction sites. 
The rate of desorption of CO can be increased by using other metals that allow for the 
oxidation of CO to CO2 to occur more readily (Larminie and Dicks 2003).  
 
For this reason, alloys of platinum and other metals have been studied. Ruthenium is 
the most studied and utilized alloy material for enhancing the reaction kinetics of the 
anode catalyst in DMFC, due to the increase in CO-tolerance with a bimetallic Pt:Ru 
catalyst. Kua and Goddard (1999) examined the differences in the stepwise 
chemisorption/ dehydrogenation activity of CH3OH on 2
nd and 3rd row group VIII 
transitional metals; they found that the dehydrogenation of CH3OH to COads is 
exothermic in all cases, and is most favorable on Pt, least so on Ru (Kua and Goddard 
1999). This causes a decrease in the stability of COads intermediate on the catalyst 
surface. The high binding energy of H2O on Ru also promotes chemisorption and OHads 
formation, which are crucial for oxidation of COads from the catalyst surface to CO2 
(Zhang 2008). 
 
 The optimum performance is achieved with a 1:1 Pt-Ru alloy (Liu et al. 2006). With 
catalyst loadings around ten times higher than those of hydrogen PEM fuel cells, the 
voltage losses from slow chemical kinetics can be reduced to a reasonable level 
(Larminie 2003). 
 
Another major issue with DMFCs is fuel crossover. Because methanol is miscible in 
water, it passes through the polymer electrolyte fairly readily (Ravikumar and Shukla 
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1996; Mauritz and Moore 2004; Silva et al. 2006). This is unwanted for two reasons. 
First, this reduces fuel utilization, as the methanol that passes through the membrane is 
not available for reaction at the anode. This loss means that more methanol is needed to 
maintain the current generation. It has been shown that less than 30% of the total 
chemical energy of methanol can be converted to electricity, the rest being lost as heat 
from fuel crossover and efficiency losses due to the irreversibility of the electrode 
reactions (Kamarudin et al. 2009).  
 
Once the fuel crosses the membrane, the reaction of methanol at the cathode reduces 
the cell voltage due to the mixed potential that forms when the fuel is present at both 
the anode and cathode (Ge and Liu 2005). The permeated methanol reacts with the feed 
oxygen, consuming it before it arrives at the reaction sites. This limits the amount of 
oxygen available at the cathode for the current generating reaction. Thus, higher 
methanol crossover results in higher activation loss; so the open-circuit voltage (OCV) 
decreases with increasing fuel crossover. Methanol crossover increases with both 
temperature and methanol concentration (Ravikumar and Shukla 1996; Ge and Liu 
2005). As a result, typical DMFCs exhibit power densities only a tenth those of 
hydrogen PEMFCs (Barbir 2006; O'Hayre 2006). 
 
In order for DMFCs to be competitive with batteries, the specific energy and energy 
density of DMFC systems has to increase. There are two common methods of 
achieving this. The fuel solution concentration can be increased, thereby decreasing the 
system volume, or the catalyst loading at the electrode has to be increased, to increase 
the rate of methanol oxidation at the anode and to compensate for the loss in 
performance at the cathode (Kamarudin et al. 2009). The former is of primary concern, 
considering that the rate of methanol crossover increases with fuel concentration and 
operating temperature (Ge and Liu 2005). The majority of current DMFC research 
deals with ways to decrease the rate of methanol crossover, allowing for higher 
concentration and temperature operation. The latter presents the same cost issues as for 
hydrogen fuel cells; this is even more of a concern when considering that DMFC 
MEAs typically employ catalyst loadings up to ten times those of hydrogen MEAs.  
 
Similar to the poisoning effect associated with methanol oxidation and crossover, 
hydrogen peroxide generated at the cathode can also act as a catalyst poison. The ORR 
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can occur via either the preferred 4-electron reduction from O2 to H2O, or by the 
simpler 2-electron reduction to H2O2, which has a lower electrode potential at standard 
conditions, and reduces the reversible cell potential (Zhang 2008).  
2.4. FUEL CELL PERFORMA*CE 
Fuel cell performance is typically displayed as a polarization curve, current density 
versus electrical potential. Polarization curves have a characteristic shape, due to 
several factors that adversely affect the cell potential, preventing the system from 
operating reversibly. The factors that affect the performance of PEM fuel cells are 
discussed in the following sections. 
2.4.1. Voltage Losses in PEM Fuel Cells 
Generally, polarization curves are generated by applying a load across a fuel cell and 
measuring the resulting voltage. The nonlinear output voltage is a function of the open-
circuit voltage and overpotentials. The output cell voltage can be calculated according 
to the equation below: 
CrossMTactocvo VV ηηηη −−−−= Ω                     Equation 2-4 
where Vo and Vocv are the output voltage and the open-circuit voltage, respectively. The 
activation overpotential (ηact) is the voltage loss due to chemical kinetics, the rate of 
reaction on the surface of the electrodes. The ohmic overpotential (ηΩ) is the voltage 
loss due to resistances to ionic and electronic conduction. The mass transport 
overpotential (ηMT) occurs due to the mass transfer of reagents to the catalyst layer. 
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Figure 2.5 Typical Polarization Curve for a Single PEM Fuel Cell 
The polarization curve in Figure 2.5 can be split into three distinct regions, based on the 
behavior of the curve. Region I exhibits an exponentially-decaying trend. This 
represents the operating regime where the chemical kinetics of the reaction at the 
catalyst layer is the dominant cause for loss of potential in the cell. This is further 
explained in Section 2.4.3 below.  
 
Region II, in which the voltage decreases fairly linearly, is where the ohmic resistance 
of the membrane dominates. This is explained in Section 2.4.4 below. Finally, Region 
III is where the potential drop associated with mass transfer to the catalyst layer 
dominates the cell overpotential. Further detail on the effect of mass transfer can be 
found in Section 2.4.5.  
 
The final overpotential in Equation 2-4 above represents the drop in performance due to 
reagent crossover through the membrane from one electrode to another, as previously 
discussed in Section 2.3.6.This parameter can be difficult to quantify due to the lack of 
clear understanding of the mechanisms behind the overpotential and the fact that it can 
affect so many of the fuel cell processes simultaneously (Kamarudin et al. 2009). 
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2.4.2. *on-Standard Operation – The *ernst Equation 
Thermodynamic equations for the standard-state reversible potential (E0) in a fuel cell 
are only valid for operation under standard conditions, e.g. room temperature, 
atmospheric pressure and unit activity (Larminie 2003; O'Hayre 2006). However, 
standard-state conditions are rarely encountered outside of laboratory operation (Barbir 
2006). For example, high-temperature fuel cells can operate at temperatures 
substantially higher than room temperature (Blomen 1993; O'Hayre 2006; Srinivasan 
2006), automotive fuel cells generally operate at pressures between 3-5atm (Hoogers 
2003; Larminie 2003; O'Hayre 2006), and most fuel cells operate with variable 
concentration (Barbir 2005; Srinivasan 2006).  
 
The Nernst equation is important because it illustrates how the reversible cell voltage 
varies for given non-standard conditions. In the case of DMFC, and disregarding fuel 
crossover (Larminie and Dicks 2003), 

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where ai represents the activity of liquid phase species i, and Pj denotes the partial 
pressures of gaseous species j. The Nernst equation can be used to predict the open-
circuit voltage at non-standard conditions.  
2.4.3. Activation Overpotential 
Thermodynamics can be used to determine whether a reaction is spontaneous or not, 
but gives no indication of how quickly an electrochemical reaction might occur. 
Knowledge of electrode kinetics is important because it aids in comprehension of the 
activation energy and the role it plays in fuel cell performance. The activation 
overpotential describes the portion of voltage generated by the electrochemical reaction 
that is lost in driving the reaction that causes the electron transfer. The activation 
overvoltage causes an exponential decrease in the cell potential with an increase in the 
current density. 
 
The speed with which either the fuel oxidation reaction or oxidant reduction reaction 
occurs is a significant factor in cell performance. The relationship between the net 
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current density and the activation overpotential can be estimated using the Butler-
Volmer equation (O'Hayre 2006). 
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In this equation, n is the number of electrons transferred per mole of reactants, and α is 
the charge transfer coefficient, which refers to the electrical energy applied to the fuel 
cell that is used to change the rate of the electrochemical reaction. Values of α range 
from 0 to 1.0 (Barbir 2005). For hydrogen fuel cells, this value is typically around 0.5 
(Larminie and Dicks 2003). 
 
Either of the terms inside of the brackets in equation 2-6 can be neglected depending on 
the activation overpotential. In the case of high negative overpotential, the anodic 
portion of the equation can be neglected, and vice versa. A simplified form of the 
equation at high overpotential, also known as the Tafel equation is, 
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where b is the Tafel slope, i is the cell potential, and i0 is the exchange current density 
(Barbir 2005).  
2.4.4. Ohmic Overpotential 
The ohmic overpotential of a fuel cell is associated with the loss of potential due to the 
resistance to the transport of charge in the electrode and electrolyte. This resistance 
comes in two different forms. First, the resistance to electronic transfer comes from the 
resistance in the circuit and contact resistance between the catalyst layer, the gas-
diffusion layer, and the current collector. The second is the resistance to ionic and 
electronic flow in the MEA. There is additional resistance within the membrane, 
though these maybe reduced when the membrane is sufficiently hydrated.  
 
Region II in Figure 2.5 is the region where the ohmic overpotential dominates the fuel 
cell potential loss. There is a linear decrease in potential in this region because the 
ohmic overpotential is directly proportional to the resistances, which are additive, as 
seen in the equation below: 
( )ionicelec RRi +=Ωη                               Equation 2-8                       
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The ionic resistance in the membrane, 
σA
L
Rionic = , where L is the thickness of the 
membrane and σ is the proton conductivity of the membrane (O'Hayre 2006). Relec is 
the electronic resistance in the MEA. 
2.4.5. Mass Transport Overpotential 
The mass transport, or concentration, overpotential is the potential loss due to lack of 
reactants at the electrode. Again, there are two types of potential loss associated with 
concentration overpotential. Nernstian losses are associated with the change in the 
equilibrium potential due to the concentration at the electrode. This was discussed 
previously in Section 2.4.2. There is also a contribution from reaction losses. Reactants 
are consumed rapidly at high current densities. This decreases the amount of reactant 
available to react at the electrode, which affects the reaction kinetics. This overpotential 
depends on the limiting current density, which is the current density at which the 
concentration of reactants at the electrode approach zero. The concentration 
overpotential, including both Nernstian and reaction losses, is given by: 
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where the limiting current density is given by: 
δ
0
R
effL
c
nFDi =                                Equation 2-10 
Where Deff is the effective reactant diffusivity at the electrode, cR
0 is the bulk reactant 
concentration, and δ is the mass transport boundary layer thickness (O'Hayre 2006). 
2.4.6. Summary 
The equations described in sections 2.4.2 to 2.4.5 can be substituted into equation 2-4 
in order to quantify the effects of each of overpotentials on the cell performance.  
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where i is the current density, i0 is the exchange current density, n is the number of 
electrons involved in the reaction, R is the ideal gas constant, T is the temperature, RΩ 
is the total ohmic resistance of the MEA (RΩ = Rionic  + Relec) , F is the Faraday constant, 
 47 
and b is the Tafel slope. Experimental data can be fitted to this equation in order to 
understand the behavior of the fuel cell (Ticianelli et al. 1988).  
2.5. FUEL CELL EFFICIE*CY 
For energy conversion devices such as fuel cells, the operational efficiency is of great 
importance. Each of the over-voltages described above represent losses in fuel cell 
performance, and thus loss of efficiency. In order to determine the overall efficiency of 
the system, the contribution of each has to be taken into account. 
2.5.1. Thermodynamic Efficiency 
The thermodynamic reversible efficiency of a fuel cell system can be used as a starting 
point for comparison of different energy systems. Since no real process is ever 
completely reversible, it is used to give a practical estimation of the best possible 
performance of a fuel cell in real-life conditions. 
 
The maximum efficiency of a conversion process can be defined as the ratio of the 
energy available to do work and the total amount of energy present. As mentioned 
earlier in this chapter, the amount of energy available to do work is given by the Gibbs 
free energy. The total energy of the system is given by the enthalpy of formation 
(Larminie 2003; O'Hayre 2006). The equation for the thermodynamic efficiency is 
shown below. 
h
g
thermo ˆ
ˆ
∆
∆
=ε                                         Equation 2-12 
As described in section 2.3.5, the change in Gibbs free energy for an H2-O2 fuel at 
standard temperature and pressure is −237kJ mol−1.  
 
The higher heating value (HHV) enthalpy refers to the enthalpy of formation when the 
water produced is in liquid form. This differs from the lower heating value (LHV) 
enthalpy, in which water vapor is produced, because the condensation of water vapor 
back into liquid form results in higher heat recovery. The difference between the two 
values is the molar enthalpy of vaporization of water (Larminie 2003; O'Hayre 2006). 
Since H2 fuel cells typically operate at lower cell temperatures (<100°C) and produce 
liquid water as a product, the HHV enthalpy, -286 kJ mol−1, is generally used for such 
 48 
calculations. Putting these values into equation 2-12, this yields a reversible HHV 
efficiency of around 83% at standard conditions. Were the LHV enthalpy (−241 kJ 
mol−1) to be used, the reversible thermodynamic efficiency would be around 98% under 
the same conditions. However, this value is misleading, since hydrogen PEM fuel cells 
have only limited operation above even 80°C (Larminie 2003; O'Hayre 2006). 
 
The thermodynamic efficiency gives the theoretical maximum efficiency of a fuel cell 
process. This can be compared to the Carnot efficiency, the maximum theoretical 
efficiency of a conventional heat / expansion engine. The equation below shows the 
Carnot limit of efficiency for heat engines. 
H
LH
Carnot T
TT −
=ε                                      Equation 2-13 
The graph below shows a comparison of the maximum theoretical efficiencies of an 
H2-O2 fuel cell and of a heat engine. The efficiency limit values for fuel cells are found 
using the HHV enthalpy below 100°C, and using the LHV above. The Carnot 
efficiency is calculated for an exhaust gas temperature (TL) of 50°C (323 K). 
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Figure 2.6 Comparison of maximum theoretical efficiency of PEMFC and heat engine. Redrawn from 
(Larminie 2003). 
Figure 2.6 shows the maximum efficiency of a fuel cell system decreases as the 
operating temperature increases. This is in contrast to the Carnot efficiency, which 
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increases with operating temperature. Fuel cells have a large thermodynamic efficiency 
advantage at lower temperatures, though this is lost around 750°C. However, as H2-O2 
automotive fuel cells are not designed to operate far above 80°C, their theoretical 
maximum efficiency is much better than that of the internal combustion engine over the 
same temperature range (Larminie 2003). 
2.5.2. *on-Thermodynamic Efficiencies 
While the thermodynamic efficiency of a fuel cell dictates the maximum possible 
performance of a fuel cell, the overall efficiency is dictated by operational losses. These 
losses can be grouped into voltage losses and fuel utilization losses (O'Hayre 2006).  
 
The voltage loss is an effect of the over-voltages described above. The voltage 
efficiency is given by the ratio of the operating cell voltage (V) to the 
thermodynamically reversible potential (E0).  
0E
V
voltage =ε                                        Equation 2-14 
The voltage efficiency varies with the operating conditions, since it is dependent on the 
cell voltage. This means that the voltage efficiency is greatest when the over-voltages 
are low, at low load.  
 
Not all of the fuel that goes into a fuel cell contributes to its operation; the excess fuel 
may perform side-reactions, permeate through the membrane, or just flow through the 
cell unreacted. The fuel utilization efficiency is the ratio of the fuel that participates in 
the chemical reaction to generate electricity and the total amount of fuel supplied to the 
cell. This is given by: 
fuel
fuel
nF
i
υ
ε =                                         Equation 2-15 
where i is the operating current and υfuel is the rate at which fuel is provided to the cell 
(mol s−1).  
 
As seen in Equation 2-15 above, the efficiency increases with the cell potential. In 
actuality, there is a trade-off between high cell performance (given by the power 
density at a specific current density) and fuel utilization. The minimization of potential 
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loss can require quite high reactant flow rates, which can in turn dehydrate the 
membrane and increase the ohmic overpotential (Kulikovsky et al. 2005). Fuel cells are 
often operated with a fuel flow rate at a fixed multiplier of the complete utilization flow 
rate, and this muliplier is known as the stoichiometric factor (λ). The fuel utilization 
efficiency in this case is the ratio of reacted fuel to the stoichiometric factor. 
λ
ε
1
=fuel                                          Equation 2-16 
All of the efficiencies previously mentioned contribute to the overall cell efficiency. 
The expression for the overall efficiency of a fuel cell is: 
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For a system operating with a fixed stoichiometric factor: 
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2.6. FUEL CELL COMPO*E*TS 
The basic science behind fuel cell operation has not changed much since their initial 
conception. The advances that have been made in fuel cell technology have largely been 
in materials development. Current research in fuel cell technology aims primarily to 
optimize the individual components of the fuel cell in order to improve their 
performance, to reduce cost, and to reduce operational sensitivities (Wee 2007). In the 
following sections, the materials used in fuel cell operation will be discussed, along with 
the current state of research for individual components. 
2.6.1. The Membrane Electrode Assembly (MEA) 
The central component of a fuel cell is the membrane electrode assembly (MEA). The 
electrochemical reaction occurs across the MEA. The MEA consists of two electrodes 
(anode and cathode) and a semi-permeable polymer electrolyte membrane. Each 
electrode is separated into two parts – the gas-diffusion layer, and the catalyst layer. 
The transport processes in the MEA, particularly in the catalyst layer, are crucial as 
they dictate the performance of the MEA. The figure 2.7 below shows a schematic 
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diagram of the cathode and the processes occurring within it (Litster and McLean 
2004).  
 
 
O2
H+
H2O
e-
Membrane Catalyst 
Layer GDL
 
Figure 2.7 Transport of gases, electrons and protons in the PEM cathode.  
2.6.2. Gas-Diffusion Layer 
The outermost layer of the MEA is the gas-diffusion layer (GDL). The gas-diffusion 
layer serves multiple functions that are fundamental to the running of the cell. The 
GDL is a porous, gas-permeable membrane that serves to facilitate electron flow from 
the catalyst layer to the current collector, which can then be conducted through an 
external circuit to generate electricity. It also serves as structural support for the MEA, 
and can provide hydrophobocity to control water transport from the cathode, where it is 
generated. The rate of mass transport of reagent gases to the catalyst layer is also 
determined by the GDL structure. 
 
Conventional MEAs have two different layers: a mesoporous carbon paper or cloth, 
which is thinly coated with a microporous carbon black. Carbon paper is made of 
randomly overlapping, non-woven carbon fibers, with usual diameters in the range of 
5-15µm.  The paper is typically from 200-500µm thick (Dicks 2006; Watt-Smith et al. 
2008). It serves as a structural support for the MEA, and as an electron transfer medium 
between the catalyst layer and the current collector. The macropores of the carbon cloth 
facilitate gas diffusion, but are also susceptible to water permeation, which impedes 
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diffusion (Chen-Yang et al. 2007). The water permeation can be curbed to a degree by 
treating the carbon paper with hydrophobic polymer, which can be expensive and time 
consuming. A study by Park et al (2004), on the effect of polytetrafluoroethylene 
(PTFE) content in the GDL paper on cell performance, determined that the optimum 
PTFE content was between 15 and 25%wt (Park et al. 2004).  
 
The microporous layer (MPL) consists of a microporous carbon black, mixed with a 
hydrophobic resin, generally PTFE, to make it hydrophobic. This layer is needed to 
provide extra support for the catalyst layer, as well as to improve gas distribution and 
water management in the cell. The MPL serves as a barrier between the catalyst layer 
and the carbon paper in conventional MEAs, to facilitate the transport between layers 
and to prevent interference. The microporous nature of the MPL prevents the carbon-
supported platinum from diffusing into the macropores of the carbon paper (Song et al. 
2001). The hydrophobocity of this layer is essential, as it prevents water from 
permeating the pores of the GDL and reducing the gas permeability (Dicks 2006).  
 
The most commonly used commercially available carbon blacks for the MPL are 
acetylene black and Ketjen black. Ketjen black was found to have the best overall 
performance as a microporous layer, most likely due to its smaller pore size, which 
reduces water permeation (Neergat and Shukla 2002; Yu et al. 2005; Dicks 2006). 
2.6.3. Proton Exchange Membrane 
The central portion of the MEA is the cell membrane. As mentioned in previous 
chapters, the membrane is semi-permeable, allowing ions to penetrate, but inhibits 
reagent and electron crossover. The ions are transferred through the polymeric 
membrane via embedded electrolytes. The vast majority of PEM fuel cells employ 
Nafion®, a perfluorosulfonic acid/ PTFE copolymer developed by DuPont, as their 
membrane (Hoogers 2003; de Bruijin 2005). Other perfluorosulfonic acid polymer 
membranes are available commercially from companies such as Dow, Asahi, and WL 
Gore & Associates (Meier-Hack and Antje 2005). These membranes have high 
chemical and thermal stability and mechanical strength; they demonstrate good stability 
against strong bases, strong oxidizers and reducing agents up to 125°C (EG&G 
Technical Services Inc. 2004; Smitha et al. 2005).  
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The most important aspect of any membrane is its proton conductivity. A certain 
amount of humidity is necessary for the ionic action to occur; membranes with low 
proton conductivity have high ohmic resistance, thus lower performance (O'Hayre 
2006). The proton conductivity depends on the level of hydration of the membrane 
(Smitha et al. 2005). Conductivity increases fairly linearly with membrane water 
content (ratio of water molecules to charged SO3
−H+ sites for Nafion) and exponentially 
with increasing temperature (Cappadonia et al. 1995; O'Hayre 2006). 
 
 
Figure 2.8 Chemical Structure of *afion® 
 
The structure of Nafion is shown in Figure 2.8. The PTFE backbone of Nafion provides 
mechanical strength to the membrane, while the sulfonic acid functional groups provide 
sites for ionic transport (O'Hayre 2006). This PTFE is also strongly hydrophobic; this 
helps the membrane to reject excess water, and prevent flooding. However, the sulfonic 
acid terminations on the perfluorovinyl ether side chains are highly hydrophilic. The 
hydrophilic regions create hydration shells around the sulfonic acid groups (Haubold et 
al. 2001). This results in what amount to dilute acid regions within a hydrophobic 
structure; the protons from the sulfonic acid groups reacts with the water to form H3O
+ 
cations, which function as the charge carriers (Haubold et al. 2001; Larminie and Dicks 
2003; O'Hayre 2006).  
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Alternative membranes have been developed to address the shortcomings of Nafion as 
mentioned above. Smitha et al. reviewed developed membranes and classified them 
according to membrane material, as shown in Figure 2.9 (Smitha et al. 2005).   
 
 
Figure 2.9 Classification of membrane research, according to material (Smitha et al. 2005). 
 
The majority of research has been into alternate sulfonated and PBI membranes (de 
Bruijin 2005). Sulfonated and Nafion composite alternative membranes are being 
examined in an attempt to take advantage of the high proton conductivity provided by 
the sulfonic acid groups, while addressing the high cost and water management issues 
that come with pure Nafion (Smitha et al. 2005). Examples of sulfonated membranes 
found in literature are sulfonated poly(styrene) (Carretta et al. 2000; Lee et al. 2008), 
and sulfonated poly(ether ether ketone) (SPEEK) composites (Krishnan et al. 2006; 
Krishnan et al. 2006; Sambandam and Ramani 2007). These membranes tend not to 
perform as well as Nafion, especially in terms of conductivity (peak values of one to 
two orders of magnitude below that of Nafion) (Smitha et al. 2005). 
 
The poly(2,21-(m-phenylene)-5,51-bibenzimidazole)/phosphoric acid (PBI/H3PO4) 
complex has been examined for medium-temperature fuel cell use (120-200°C) (de 
Bruijin 2005). The major drawback to PBI/H3PO4 membranes is that, while they 
operate well at higher temperatures, their conductivity does not approach that of Nafion 
until well above 100°C (Asensio et al. 2004; Zhang et al. 2008). Also, their relatively 
short lifetime (~510 hrs), due to degradation of the PBI membrane and leaching of the 
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H3PO4, has to be addressed before they can be considered for widespread 
commercialization (Liu et al. 2006). 
2.6.4. Catalyst Layer 
In a fuel cell MEA, the catalyst layer lies between the GDL and the membrane. This is 
the area in which the HOR and ORR take place. Fuel cell catalyst layers typically 
consist of three materials: catalyst particles deposited on a porous carbon and Nafion 
polymer.  The catalyst, usually platinum, facilitates the reaction by lowering the 
necessary activation energy for the dissociation of reagent gases. Along with the 
dissociation of the reagent gases occurring at the catalyst, the dissociated hydrogen ions 
flow from here through the membrane, and the electrons flow back into the gas-
diffusion layer, where they are conducted to make electricity. There needs to be a 
sufficient amount of each transport media present to minimize transport losses in the 
cell. An effective catalyst layer is one that can balance these transport processes with 
minimal transport losses (Litster and McLean 2004).  
 
For optimum performance, there has to be sufficient catalyst coating at the surface in 
order to dissociate the gases, as well as enough carbon to conduct electrons, and there 
still needs to be access to the membrane for ionic transfer; the catalytic reaction can 
only occur at sites where three phase contact is established (Litster and McLean 2004; 
Sasikumar et al. 2004; O'Hayre 2006). The morphology of the catalyst substrate can 
have a significant effect on the formation of the triple-phase boundary and on the 
transport processes in the catalyst layer (Chai et al. 2004; Fang et al. 2009). The current 
state of research in catalyst substrates for PEM fuel cells is further discussed in chapter 
3.  
2.7. SUMMARY 
In this chapter, the background information and governing equations for fuel cells have 
been presented. The advantages and disadvantages of the various types of fuel cell, 
including both H2 PEMFC and DMFC, have been outlined. Equations describing the 
potential losses and efficiency of PEMFC have also been presented. As mentioned 
previously, the current state of research for fuel cell catalyst substrate is discussed in 
the next chapter. 
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CHAPTER 3. CATALYST SUBSTRATE MATERIALS 
 
 
 
In this chapter, a review of the literature concerning fuel cell catalyst layer materials is 
presented. As mentioned in section 1.2, the aim of this research is to develop a porous 
carbon catalyst substrate that will enhance DMFC catalysis and performance. A 
number of catalyst substrates for PEM fuel cells are discussed, classed generally by 
synthesis technique and material. Finally, in section 3.4, the novel carbon used in this 
research, based on diatomaceous earth, will also be introduced, along with a 
justification for the techniques used in this research. 
3.1. CATALYST LAYER STRUCTURE 
The primary objective of catalyst layer research is to obtain the highest reactivity and 
electrochemical performance possible with a minimum amount of catalyst. Adequate 
fuel cell performance necessitates the optimization of many, often interrelated, 
parameters, such as electrochemical active surface area, bulk transfer of reagents 
through the catalyst layer and interfacial transfer of charged species. It has been shown 
that the efficiency of these processes is dependent on the catalyst layer morphology 
(Chai et al. 2005; Rao et al. 2005; Su et al. 2005; Chang et al. 2007; Shanmugam and 
Gedanken 2007; Fang et al. 2009). 
 
Catalyst layers have to be thin in order to minimize ionic and electronic transport losses 
and to minimize the mass transport resistance of reagents to active sites. As the activity 
of a catalyst increases with its active surface area, catalyst particles are typically 
supported on porous substrates in order to obtain the necessary activity of the catalyst 
layer without increasing its thickness. Catalyst particles need to be well-dispersed onto 
the substrate, whose surface area dictates how much area is available for reaction 
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(Antolini 2009). The support also needs to be porous in order to allow access of the 
ionomer and the reagents, thus maximizing the three-phase boundary. 
 
 
Figure 3.1 Illustration of the fuel cell catalyst layer and the three-phase boundary. 
The electrochemical reaction of the fuel cell involves the reaction of reagent gases as 
well as the transport of protons and electrons. The three-phase boundary (TPB) in a fuel 
cell is established where the catalyst, the ionomer and the reagent (void phase) are in 
contact, as evidenced in Figure 3.1. This is important since a reaction will only occur 
where all of the necessary species are in contact.  
 
Following reaction at the catalyst surface, electrons flow through the catalyst particles 
and into an electrically conductive substrate. Protons flow from the catalyst surface, 
through the ionomer strand and into the polymer membrane. Finally, reagent gases/ 
liquids flow through the pore structure of the GDL and catalyst to the reaction sites. 
The morphology and physical characteristics of the catalyst substrate can affect all of 
these processes, and the formation of the TPB.  
 
Active Catalyst Particle 
Inactive Catalyst Particle 
Carbon Support 
Ionomer Strand 
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3.1.1. Substrate Stability 
The chemical and electrochemical stability of the catalyst support are also important 
considerations of material development. The stability of the catalyst layer has a 
considerable effect on the durability and lifetime of the fuel cell. The presence of 
oxygen in the catalyst layer, in PEMFC cathodes for example, causes oxidation and 
corrosion of the substrate. This is particularly apparent at or close to the open circuit 
voltage, as the oxidation rate increases with potential (Wang et al. 2007).  
 
Substrate corrosion can cause loss of the support material and changes in the pore 
morphology and surface properties of the substrate (Zhang 2008). A study by Stevens 
and Dahn showed that the presence of platinum catalyst can increase the rate of 
degradation of the support, particularly at catalyst sites. This can result in detachment 
of catalyst particles from the substrate, and loss of electrochemical activity (Stevens 
and Dahn 2005). 
 
Substrate characteristics, such as electrical conductivity, rate of support oxidation, 
durability of catalyst particles and overall lifetime are dependent on the specific 
substrate composition. 
 
An inadequately designed catalytic substrate can result in significant losses in catalytic 
activity, and subsequently decrease catalyst utilization. This is particularly important in 
DMFCs. Compared to the low overvoltage and higher reaction rate exhibited by the 
hydrogen oxidation reaction (HOR) in H2 PEMFC anodes, both the oxygen reduction 
reaction (ORR) and the methanol oxidation reaction (MOR) in the DMFC catalyst 
layers perform sluggishly; this causes significant losses in performance (Zhang 2008).  
 
In practice, it is possible to compensate for any decreases in activity by increasing the 
catalyst loading on the electrode. As the reduction of precious metal catalyst is one of 
the primary motivations behind fuel cell research, increasing the amount necessary is 
not an ideal solution. Increasing the rate of the ORR without increasing the necessary 
platinum loading would result in increased performance in both hydrogen and direct 
methanol PEMFC, which is why there is a specific focus on cathode catalyst layer 
structure (Kim et al. 2006; Fang et al. 2009). 
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3.2. CARBO* CATALYST SUBSTRATES 
Carbon is a commonly used support material for precious metal catalysts in low-
temperature fuel cells (Dicks 2006; Antolini 2009). Carbon supports are ideal for fuel 
cell use because they exhibit sufficient electrical conductivity to extend the three-phase 
boundary of the catalyst layer. Carbon can also be burned off for economic catalyst 
recovery and recycling, and does not produce large amounts of solid waste (Auer et al. 
1998).  
 
Due to the presence of oxygen in the fuel cell, support degradation can occur. This 
causes changes in the substrate morphology, which results in loss of electrochemical 
activity. Carbon exhibits good stability in both basic and acidic media compared to 
other materials, such as alumina and MgO. When tested below 100°C under fuel cell 
cathode conditions, carbon catalyst supports can last hundreds or thousands of hours 
before appreciable decomposition occurs (Wang et al. 2007). Degradation studies of 
carbon materials are commonly done in acidic conditions, at elevated temperatures or 
potential, in order to increase the rate of oxidation. Corrosion resistance of the substrate 
is an important consideration for future commercialization of fuel cells, which 
necessitate materials that can be used for tens of thousands of hours at elevated 
temperatures (Dicks 2006). 
 
It has been shown that the support material can also affect the quality of the catalyst 
dispersion (Dicks 2006). Catalysts supported on non-reactive substrates, such as 
carbon, are of particular interest as they allow for fine distribution and enable uniform 
dispersion of catalyst particles. They can also help to retard the sintering or 
agglomeration of catalyst particles (Stevens and Dahn 2005). 
3.2.1. Carbon Blacks 
Carbon blacks are produced by heating carbon-containing materials in inert atmosphere 
(Bayer and Ergun 1967). This results in a layered, graphitic, non-porous carbon, whose 
morphology and surface characteristics depend on the source material and the 
decomposition procedure (Boehm 1994).  
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3.2.1.1. Activated Carbon 
Carbon blacks can be treated, either physically or chemically, in order to ‘activate’ their 
surfaces by adding oxide groups to the carbon surface. Wood, coal, lignite, peat, and 
coconut shells are the most important carbon precursors used for activated carbon 
synthesis (Auer et al. 1998). Chemical activation involves simultaneous activation and 
carbonization of the precursor, by incorporating activation agents H3PO4 or ZnCl2 and 
heating to 600-800°C. Physical activation is done by thermal decomposition of a 
carbonaceous material at 600-800°C, followed by high pressure treatment with steam 
and/ or CO2 at 800-1100°C (Dicks 2006). This leaves a highly disordered porous 
network of graphitic carbon with surface oxide groups.  
 
Though the particle size of activated carbons is typically larger than that of carbon 
blacks, between 20-30µm, the presence of functional groups on the carbon surface 
increases the microporosity of the material, as well as the Brunauer-Emmet-Teller 
(BET) surface area. Activated carbons typically have BET surface areas between 800-
1200m2g−1, depending on the degree of activation. The morphology of the resulting 
carbon is largely dependent on the structure of the precursor material.  
3.2.1.2. Furnace and Acetylene Blacks 
Carbon blacks for fuel cells are typically manufactured by the pyrolysis of 
hydrocarbons, by oil-furnace or acetylene processes. This results in near-spherical 
particles of graphite, typically below 60nm in diameter (Bayer and Ergun 1967). The 
porosity of the carbon comes about by the 3-D agglomeration of the small particles into 
branched chains and clusters of around 250nm. The specific morphology a carbon 
black depends on the starting material and the decomposition procedure. Particle size 
and distribution determine the surface area and porosity of the material. Smaller pores 
in the size distribution can be attributed to spaces between primary particles within the 
agglomerate, while the larger are due to the distance between agglomerates (Uchida et 
al. 1996).  
 
As seen in Table 3.1, furnace blacks are typically found to have surface areas between 
20 and 1500 m2 g−1, compared to values below 100 m2 g−1 for acetylene blacks. 
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Carbon *ame Manufacturer 
Particle Size 
(nm) 
BET Surface Area 
(m
2
 g
−1
) 
Vulcan XC-72 FB Cabot Corporation 30-60 250 
Black Pearls 
BP2000 FB 
Cabot Corporation 15 1500 
Ketjen EC300J FB 
Ketjen Black 
International 
30 800 
Ketjen EC600JD 
FB 
Ketjen Black 
International 
30-60 1270 
Conductex 975 FB Columbian 24 250 
3950 FB Mitsubishi Kasei 16 1500 
Shawinigan AB Chevron 70-90 80 
Denka black AB Denkikagaku kogyo 40 65 
Table 3.1 Comparison of Common Carbon Blacks (FB: oil-furnace black, AB: acetylene black) (Uchida et al. 
1996; Antolini 2009) 
Ketjen EC300J/ EC600JD black (Ketjen Black International), Conductex 975 
(Columbian), Black Pearls BP 2000 and Vulcan XC-72 (Cabot Corporation) are 
examples of furnace blacks suitable for fuel cell applications. Developed by Cabot 
Corporation in the 1970s, Vulcan XC-72 is a commonly used material due to its high 
availability and low cost (Antolini 2009). Vulcan is also the most conductive of 
commercially available furnace blacks, exhibits high chemical stability in the fuel cell 
environment, and has a relatively large surface area (Hoogers 2003; Qu et al. 2005).  
 
Vulcan XC-72 has a surface area significantly smaller than other furnace blacks shown 
in Table 3.1, which may suggest a smaller area available for electrochemical reaction. 
Even so, it is used preferentially in fuel cell applications, largely due to its pore size 
distribution. Uchida et al showed that catalyst deposited in the primary pores; i.e. areas 
between singular particles in the agglomerate, do not participate in the electrochemical 
reaction. This is due to the lack of penetration of the ionomer into these pores (Uchida 
et al. 1996). Most of the electrochemical activity is derived from the secondary pores, 
i.e. areas between agglomerates, which are significantly larger. 
 
So while Vulcan XC-72 can have a significant micropore volume, this can be 
considered almost negligible when compared with other carbon blacks such as Ketjen 
black and Black Pearls, which are almost entirely microporous. As such,Ketjen black 
and Black Pearls are more commonly used in the microporous layer, to add 
hydrophobocity to the MEA (Yu et al. 2005).  
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The durability of carbon black supports has been investigated by different groups as 
well. The chemical stability of carbon blacks was tested in 1.5M sulfuric acid at 60°C, 
with periodic washing (Uchida et al. 1995). The color change of the acidic solution was 
monitored, as it is an indication of support dissolution. The furnace blacks used in the 
experiment exhibited darker colors than the acetylene blacks, but the furnace blacks 
with higher BET surface area exhibited darker solution than those lower. In short, the 
furnace blacks with higher surface area were shown to be less stable and more prone to 
oxidation than those with smaller surface areas.  
3.2.1.3. Problems with Carbon Blacks 
An ideal catalyst substrate has to simultaneously demonstrate a high specific surface 
area and satisfactory pore size characteristics, and possess good corrosion resistance, 
electrical conductivity, and surface qualities. While Vulcan XC-72 possesses the 
desired characteristics to the greatest degree, carbon blacks in general are not ideal for 
fuel cell use.  
 
Carbon blacks can contain significant amount of organosulfur impurities, which can 
poison the Pt catalyst (Shao et al. 2009). In the corrosion resistance test mentioned in 
the previous section, Uchida et al. found that other impurities, such as Fe, Ca, Cl and S 
could be found in furnace blacks (Uchida et al. 1995). These impurities, largely absent 
in acetylene blacks, can affect the solubility and accelerate the degradation of the 
carbon support. Carbon blacks can also contain a significant amount of amorphous 
carbon. Amorphous carbon can contain large amounts of dangling bonds and surface 
defects (Cherstiouk et al. 2010). Surface groups, such as phenol, quinine, carboxyl and 
carbonyl groups, that result from the dangling bonds can increase the rate of corrosion 
of the substrate (Maass et al. 2008).  
 
Given the inherent limitations of carbon blacks, a great deal of current research is 
focused on developing carbon substrates that exhibit attributes that may be more 
advantageous in the fuel cell environment. Many of the structural requirements of the 
substrate are conflicting, such that it can be difficult to improve characteristics without 
negatively impacting others. As such, many of the materials described in the following 
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sections can exhibit characteristics that are better than carbon blacks in some aspects, 
while simultaneously being worse in others.  
3.3. *EW CARBO* SUBSTRATE MATERIALS 
There has been a great deal of research devoted to improving fuel cell performance by 
changing the microstructure of the catalyst support. Porous carbons are of particular 
interest, as discussed in section 3.1 above. The category of porous solids covers a wide 
range of materials, many of which are important in our everyday lives. The 
International Union of Pure and Applied Chemistry (IUPAC) has a classification 
system to differentiate these materials by their pore sizes. Microporous materials are 
those that have pore widths less than 2 nm, macroporous materials have pore widths 
greater than 50 nm, and mesoporous materials occupy the range between the two 
(Rouqerol et al. 1994). The possible applications of porous materials depend on their 
pore sizes.  
 
The porosity of a catalyst substrate needs to be optimized in order to maximize the 
efficiency of multiphase transport. Microporous materials are desirable for many 
applications, due to their high specific surface areas and large pore volumes. There are 
major drawbacks in using microporous materials, namely the slow mass transport of 
molecules due to the small pores, lack of accessibility of electrolyte (thus, reduction of 
the TPB) and reduced catalyst utilization (Rao et al. 2005; Liang et al. 2008). 
Macroporous materials, on the other hand, offer excellent mass transport 
characteristics, but relatively smaller surface areas and, often, high electrical resistance 
(Shao et al. 2009). Mesoporous carbons have shown the most desireable characteristics 
for fuel cell use, as they allow access to the electrolyte and reagents while also having 
large surface areas and conductivities (Giraldo et al. 2007).  
 
Materials with three-dimensional interconnected structure have demonstrated improved 
transport characteristics in fuel cell conditions (Joo et al. 2001; Yuan and Su 2006). 
These materials are preferred over two-dimensional ones, as they tend to be more 
tolerant to pore blockage (Liang et al. 2008; Fang et al. 2009; Ryoo 2009).  
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A range of different materials have been synthesized and evaluated, such as carbon 
nanotubes and nanofibers (Serp et al. 2003), carbon gels (Fricke and Tillotson 1997), 
conductive diamonds (Shao et al. 2009), ordered porous carbons (Ryoo et al. 2001), 
carbon nanohorns and nanocoils, and mesocarbon microbeads (Tang et al. 2010). The 
first five of these materials are discussed at length in the following sections.  
3.3.1. Carbon *anotubes 
Due to their unique structure and possible applications in a wide array of fields, there 
has been a great deal of research done on carbon nanotubes since their discovery in 
1991 (Iijima 1991). Constructed from sheets of graphene, a one atom thick layer of sp2 
hybridized, hexagonally ordered carbon allotrope, typical carbon nanotubes can be 
either single-walled (SWCNT) or multi-walled (MWCNT). The difference between 
these materials is in the number of graphene sheets being formed into a cylinder, 
SWCNT having a single layer and MWCNT consisting of multiple layers (usually 2-
50) of coaxially stacked graphene sheets (Bethune et al. 1993). The pores formed by 
the CNT can be open, or be closed off by semi-fullerene caps (Serp et al. 2003). 
 
CNT are typically synthesized from the catalytic decomposition of carbon-containing 
solids or gases. There are four common techniques used for CNT growth: arc-discharge 
evaporation (Ebbesen and Ajayan 1992; Carmo et al. 2005), laser ablation (Thess et al. 
1996; Li et al. 2003), chemical vapor deposition (CVD) (Dai et al. 2001), and plasma-
enhanced CVD (Chhowalla et al. 2001; Hofmann et al. 2003).  
 
In the arc-discharge method, CNT are grown by the evaporation of carbon soot by 
helium plasma, generated from high currents run between opposing carbon anode and 
cathode (Bethune et al. 1993). Laser ablation utilizes intense laser pulses to vaporize a 
graphite target, with a small amount of transition metal catalyst, in an oven (~1200°C) 
(Thess et al. 1996). Nanotube growth by CVD is done by the catalytic decomposition 
of hydrocarbon gases over transition metal catalysts (e.g. Fe, Co, Ni) at elevated 
temperature, usually between 550-1000°C (Dai et al. 2001). PECVD is similar to CVD, 
but the use of plasma allows for operation at much lower temperatures, which means 
that they can be grown on temperature sensitive substrates (Ren et al. 1998; Hofmann 
et al. 2003). 
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CNT can be used as fuel cell catalyst supports due to their high surface areas, high 
stability in the fuel cell environment, and their good electronic conductivity (Che et al. 
1999; Li et al. 2002; Matsumoto et al. 2004; Jeng et al. 2006; Wang et al. 2008).When 
used as catalyst supports, CNT typically exhibit inner diameters of 3-15 nm, outer 
diameters of 10-50 nm, and lengths of 10-50 µm, though the possible range of these 
parameters is much wider. Surface areas typically range from 400-900 m2 g−1 for 
SWCNT and from 200-400 m2 g−1 for MWCNT, depending on the nanotube 
dimensions (Antolini 2009).  
3.3.1.1. Electronic Characteristics 
The conductivity of CNT are highly dependent on their surface characteristics. 
SWCNT in particular have been shown to conduct like 1-D quantum wires, where the 
overall conductivity is determined by the tube diameter and the helicity (Serp et al. 
2003). The diameter is important since the curvature of the tube surface affects the 
electronic properties of the graphene (Ouyang et al. 2002). The helicity of the structure 
describes the orientation of the graphene sheet that comprises the CNT with respect to 
the tube axis; the different helicities are shown in Figure 3.2. Depending on these two 
parameters, a SWCNT can take on the characteristics of a metal or a semiconductor. 
The possible configurations of CNT are shown in the figure below. 
 
Armchair Zigzag Chiral  
Figure 3.2 Comparison of possible helicities of C*T 
Theoretically, single tubes with armchair helicity exhibit metallic properties while 
zigzag CNT behave as semiconductors. In reality, the electronic properties of the CNT 
are modified by surface defects, such as pentagonal or heptagonal arrangements, 
vacancies, and doping impurities. There is no way to grow selectively CNT of a 
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particular helicity, so the purity of a sample cannot be guaranteed, and the bulk 
characteristics of CNT are not uniform (Serp et al. 2003). 
 
Depending on the synthesis procedure used, CNT can be formed into tightly bundled 
agglomerates, which are not ideal for fuel cell use, especially as this can affect the 
dispersion and particle size of catalyst (Li et al. 2003). There can also be significant 
amounts of impurities in the material, including fullerenes, amorphous carbon and 
residual catalyst particles enclosed in grown CNT. Liu et al. developed a purification 
process to reduce the nanotube agglomeration. Samples are purified by refluxing in 
nitric acid, resuspending the nanotubes with surfactant, and then filtering (Liu et al. 
1998). Not only does this serve to isolate the CNT, but it also oxidizes amorphous 
carbon (along with a certain amount of CNT) and removes a portion of the metal 
catalyst.  
 
It can be difficult to predict the behavior of MWCNT, since they are normally built up 
of layers with different helicity. Also, with increased structural complexity there is an 
increased possibility of surface defects. Considering these facts, it stands to reason that 
each MWCNT can have unique electronic properties, according to the arrangement of 
its layers (Ebbesen and Ajayan 1992). Ultimately, the conductivity of a CNT depends 
on the structural properties of its outer wall (Kasumov et al. 1998). 
3.3.1.2. Electrochemical Characteristics 
As with most other carbon materials, the microstructure of the CNT also affects the 
resistance of oxidization of the materials. Wang et al. found that, under simulated 
cathode conditions (60°C, N2 purged 0.5M H2SO4, constant potential of 0.9V), that 30 
wt% Pt/Vulcan XC-72 exhibits a significant amount of surface oxidation after 168 hrs 
of treatment, with 80% of the electrochemical surface area being lost, in comparison to 
a 37% loss for 30 wt% Pt/MWCNT (Wang et al. 2006). In a chronoamperometric 
comparison, MWCNT exhibited a corrosion current 30% less than Vulcan XC-72 
under the tested conditions, which further suggests the higher corrosion resistance of 
MWCNT.  
 
This result is corroborated by different research groups, under a variety of conditions 
(Li and Xing 2006; Shao et al. 2006; Cherstiouk et al. 2010). In fact, many of the 
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studies found that, while support oxidation did occur, after a certain period of time, the 
rate of MWCNT oxidation decreased significantly. These results help to confirm the 
higher corrosion resistance of multiwalled carbon nanotubes compared to conventional 
carbon black Vulcan XC-72. 
 
Kongkanand et al. performed durability tests of SWCNT against Vulcan XC-72. The 
tests were run on rotating-disk electrodes in HClO4. Though the Pt/Vulcan XC-72 had a 
higher initial electrochemical surface area (ESA) than the Pt/ SWCNT, 33.5 m2/g 
versus 17.8 m2/g, there was a significant drop in ESA of the Pt/ Vulcan XC-72 
compared to the Pt/SWCNT (Kongkanand et al. 2006). As with the Pt/MWCNT 
described above, after an initial drop the ESA remained mostly constant. After 36hrs of 
operation, the Pt/Vulcan had decreased by 50%, compared to 16% for the Pt/SWCNT.  
3.3.1.3. C#T as Electrocatalysts 
SWCNT have mostly been considered as supports for DMFC anodes, due to their high 
specific surface areas and lower bulk resistance. Wu and Xu found that the Pt/SWCNT 
had much better dispersed catalyst particles, with high utilization and ESA almost twice 
that of f MWCNT (Wu and Xu 2007). CO stripping voltammograms also show an 
increased tolerance of Pt/ SWCNT toward CO poisoning, which, along with the high 
activity toward methanol oxidation, make SWCNT ideal for DMFC anode use. 
In numerous studies, Pt/MWCNT have shown higher specific activity toward the ORR 
than standard Pt/Vulcan XC-72 (Liu et al. 2005; Rajalakshmi et al. 2005). Rajalakshmi et 
al. (2005) found that the performance with Pt/MWCNT cathode catalyst was comparable 
with the Pt/Vulcan XC-72 electrode. However, the platinum deposition onto the substrate 
surface seems to have a significant effect on the performance. Wang et al. obtained 
higher power densities with the Pt/Vulcan XC-72 than Pt/MWCNT, possibly due to the 
larger catalyst particle size (~25nm) and poor dispersion on the MWCNT (Wang et al. 
2003). 
Matsumoto et al. (2004) synthesized MWCNT 20-25nm in diameter, performed Pt 
deposition on the carbons using two different metal salts (K2Pt
IICl4 and H2Pt
IVCl6). The 
final loadings were 3.8 and 12 wt% Pt, respectively. The K2PtCl4 produced poorly 
dispersed, agglomerated catalyst particles, due to the relatively easy decomposition of 
the salt. Finally, in fuel cell tests with the H2Pt
IVCl6 generated catalyst, the Pt/Vulcan 
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XC-72 exhibited the highest power output, although the Pt/MWCNT gave 2-4 times 
performance per Pt atom (Matsumoto et al. 2004). 
Li et al. grew 4-50nm diameter CNT by the arc-discharge method for use as DMFC  
cathode catalyst supports. Following activation in HNO3-H2SO4 and Pt deposition, the 
mass activity of the cathode catalyst was found to be six time higher than the standard 
support. They attributed this result to the organosulfur compounds than can be found in 
carbon blacks, which can act at a catalyst poison. Fuel cell tests were performed to 
compare the CNT and Vulcan XC-72 as cathode catalyst substrates for DMFC. Tests 
were performed with 1 mg cm−2 Pt loading at each cathode and 2 mg cm−2 Pt:Ru at each 
anode, with Nafion 115 membrane. The maximum power density for the Pt/CNT MEA 
was 103 mW cm−2, compared to 70 mW cm−2 for Pt/ Vulcan XC-72 (Li et al. 2002). 
Li et al. produced well-dispersed fuel cell catalysts with small, uniform catalyst 
nanoparticles. Using standard anodes, DMFC polarization curves were run. The 
performance of the catalyst in the fuel cell was higher in the activation and mass 
transport regions, suggesting that the ORR specific activity and the conductivity of the 
MWCNT was greater than that of the Vulcan XC-72 (Li et al. 2003). 
3.3.1.4. Summary 
The performance of carbon nanotubes varies widely between studies in the literature. The 
synthesis method used has a considerable effect on the substrate morphology and surface 
characteristics. Poor catalyst anchoring and dispersion present a particular challenge but, 
when addressed, the output power density can be significantly greater than for standard 
materials.  
The greatest drawback, and a likely barrier to commercialization, is the cost associated 
with the synthesis of CNT. A substrate material needs also be cost-effective to be 
considered for commercial use. A low-cost fabrication technique would be necessary 
before CNT could be considered viable materials for widespread use.  
3.3.2. Carbon *anofibers (C*F) 
Carbon nanofibers are unique graphite structures that exhibit properties that make them 
prospects as substrates for fuel cell catalysis. CNF are grown catalytically by the 
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decomposition of carbon-containing gases over transition metal particles, such as Cu, 
Fe, Ni or their bimetallic compounds (Rodriguez et al. 1994). The reagent gas is 
adsorbed and decomposed on the catalyst surface, then the carbon atoms diffuse 
through the catalyst particle, and finally are precipitated as graphene sheets at other 
faces of the particle. Similar to nanotubes, CNF are made from stacks of graphene 
sheets. The primary difference between carbon nanotubes and nanofibers is the lack of 
hollow cavity in the structure of CNT.  
 
There are a few different types of CNF that can be synthesized, depending on the 
catalyst and the synthesis conditions (Park and Baker 1998). The decomposition of the 
hydrocarbon is limited to certain crystal faces of the catalyst particle, while the 
deposition of carbon atoms happens at other surfaces; thus the crystalline orientation of 
the catalyst particle is crucial in controlling not only the orientation of the graphene 
sheets with respect to the growth access, but also the uniformity of the nanofiber 
(Rodriguez et al. 1995). Figure 3.3 below shows a schematic of the platelet, ribbon, and 
herringbone configurations of CNF. The grey shaded areas represent catalyst particles 
on which the graphene sheets are grown. 
 
Platelet Ribbon Herringbone
 
Figure 3.3 Schematic representation of platelet, ribbon and herringbone structures of C*F. 
As seen in the figure above, platelet nanofibers (p-CNF) are formed when the graphite 
sheets are oriented perpendicular with respect to the growth access; as seen in the 
figure above, this tends to occur bi-directionally (Rodriguez et al. 1995). Ribbon 
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nanofibers (r-CNF) are generated when the graphene sheets are grown parallel to the 
growth axis, herringbone (h-CNF) when the graphene sheets are stacked obliquely with 
respect to the growth axis (Gangeri et al. 2005), and spiral (s-CNF) when stacked in a 
helical configuration (Park and Baker 1998). 
 
Due to the method of graphite deposition, the size of the CNF is determined by the size 
of the catalyst particle that the fiber is grown on. Depending on the reaction conditions, 
CNF dimensions can vary widely from 5-1000nm in width and 5-100µm length (Chen 
et al. 2005). These materials can have BET surface areas of 80-300 m2g−1 depending on 
the structural conformation (Bessel et al. 2001). Park and Baker found that the surface 
area of the platelet, ribbon and spiral CNF to be 120, 85 and 45m2g−1, respectively 
(Park and Baker 1998).  
 
Despite the similarities in structure, there is a large fundamental difference between 
CNF and the CNT materials mentioned previously. Unlike normal graphite and CNT, 
where the basal plane of the carbon is exposed, only the edges are revealed in CNF. 
Also, CNF tend to have a greater amount of reactive surface groups than CNT, 
allowing for metal deposition onto the substrate surface without an additional activation 
step (Serp et al. 2003; Gangeri et al. 2005). Carrying out the activation procedure on 
CNF does still increase the number of active sites, and some groups choose to do so 
(Yuan and Ryu 2004; Zhou et al. 2006). The increase of surface oxides can lead to a 
significant decrease in CNF conductivity and can damage the carbon structure 
(Sebastián et al. 2010). 
3.3.2.1. Fuel Cell Results 
Knupp et al. (2008) compared platinum deposition results on CNF and bamboo-shaped 
MWCNT, and tested them against a commercial carbon black. The CNF used had 
diameter 100-200 nm, and the MWCNT were 20-40 nm diameter. A good dispersion 
was obtained for the Pt/CNF, but there was agglomeration in the Pt/CNT. ESA and Pt 
utilization results were obtained for the supports synthesized using different input 
parameters for the Pt deposition technique. While the Pt/CNF did not exhibit the 
highest overall ESA, it was higher than that of Pt/CB in most cases, and the utilization 
was higher in almost all cases (Knupp et al. 2008).  
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Sebastián et al. examined the electrocatalytic properties of CNF by varying the 
synthesis temperature and deposition technique onto the substrate. They found that 
increasing the synthesis temperature also increases the conductivity (up to 3.9 S/cm), 
but reduces the BET surface area; the highest ESA was found with the high 
temperature CNF, using a sodium borohydride reduction (SBR) method. The methanol 
oxidation activity was the greatest in the low-temperature, SBR CNF, which also had 
the highest surface area. The methanol oxidation current decreased significantly with 
time, suggesting that this material is not stable. CNF-supported catalyst was also shown 
to be less susceptible to CO poisoning (Sebastián et al. 2010). 
 
Bessel et al. (2001) compared the performance of platelet, ribbon and herringbone CNF 
against Vulcan XC-72. Following Pt deposition using an incipient wetness technique, 
they found that the 5 wt% platelet and ribbon type Pt/CNF show massive improvements 
in methanol oxidation current, roughly equal to that of 25 wt% Pt/Vulcan XC-72. These 
CNF also show a 48% decrease in self-poisoning of the Pt catalyst. The 5 wt% 
herringbone CNF showed much lower catalytic activity than the other CNF, slightly 
higher than the 5 wt% Vulcan. While the cause for this was unclear, the hydrophilicity of 
the herringbone structure could be a factor (Bessel et al. 2001). 
Gangeri et al. (2004) compared CNF and carbon nanoclusters to commercial carbon 
black. In their fuel cell tests, they determined that the carbon nanocluster-supported 
catalysts give the lowest ohmic losses and the Pt/CNF gave the lowest mass transport 
losses. Yuan and Ryu investigated the fuel cell performance of twisted and straight CNF 
against CNT. They discovered that twisted CNF have rough, puckered surfaces that can 
bend easily; this creates more sites suitable for metal anchoring on the CNF. Overall, 
smaller diameter materials and rougher materials have the best fuel cell performance, so 
twisted CNF with small diameter exhibit the best performance (Yuan and Ryu 2004).  
3.3.2.2. Summary 
The CNF fuel cell results highlight the importance not only of the cathode substrate 
morphology, but of the surface and transport characteristics. The synthesis technique 
affects the electrical and electrochemical properties of the CNF, and therefore the 
deposition quality, which is generally not taken into account for subsequent fuel cell 
testing. The causes behind the differences in performance are largely unexamined, which 
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makes understanding the structure effects difficult. This also underscores the necessity of 
electrical and electrochemical characterization when comparing such dissimilar 
structures.  
3.3.3. Templated Carbons 
Research into ordered mesoporous materials (OMC) has increased in the past 20 years, 
due to their potential applications in a wide range of disciplines. Their controllable 
structures, high surface areas and high porosity make them ideal for fuel cell 
applications. Ordered structures ensure uniform flow characteristics, which help in 
standardizing performance. This could serve to make the catalyst layer more efficient, 
and could help in increasing the limiting current density and overall performance of the 
fuel cell. 
3.3.3.1. Ordered Mesoporous Silica (OMS) 
The use of silica as hard templates for porous materials was pioneered by Knox et al., 
using spherical sol-gel as a  template to synthesize a mesoporous carbon with a rigid 
framework, high surface area (460-600 m2 g−1) and large pore volume (Knox et al. 
1986). This material was graphitized into spherical particles and is commercially 
available for use in HPLC.  
 
Following this work, other groups have synthesized carbon materials using silica 
structures, including layered structures, disconnected nanochannels and zeolites 
(Bandosz et al. 1996; Kyotani et al. 1997). Zeolites in particular were found to be 
useful as template materials, though those with one-dimensional channel structures 
were not, due to the structural collapse that occurs upon removal of the template 
(Johnson et al. 1997). Though the carbonaceous materials obtained from the use of 
these templates exhibit high surface areas in many cases (up to 4000 m2 g−1), they are 
not ideal for fuel cell use, due to their high micropore volume. 
 
The first major breakthrough in ordered mesoporous silicas came with the discovery of 
the M41S family of mesoporous silicas (Ryoo et al. 2001). Mobil’s discovery of the 
M41S family of liquid-crystal templated silicate and aluminosilicate molecular sieves, 
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with their high degree of order and high surface areas, stimulated interest in 
mesoporous silicas for use in many different areas.  
 
The most widely studied of these materials, MCM-41 (Mobil Composition of Matter 
#41), is formed by the hydrothermal conversion of aluminosilicate gels in the presence 
of quaternary ammonium surfactants (Monnier et al. 1993). The solid product is filtered 
and calcined to remove any residual organic material. The resulting inorganic material 
is a honeycomb-like hexagonally ordered array of uniform cylindrical channels. MCM-
41 is so attractive a template due to its high surface area (700-1200 m2 g−1), large pore 
volume and tunable structure (Ryoo 2009).  
 
Figure 3.4 below shows the mechanism by which MCM-41 is synthesized. The figure 
illustrates a liquid crystal template method, where a mutual attraction between silicate 
and surfactant ions results in a self-assembled ordered structure. The aggregates of 
surfactant molecules form a micellar liquid crystal structure, which serves as an organic 
template (Beck et al. 1992).  
 
Surfactant 
Micelle
Micellar
Rod
Hexagonal 
Array Silicate MCM-41
 
Figure 3.4 Mechanistic pathway for the synthesis of MCM-41. Reproduced from (Kresge et al. 1992). 
The pore diameter of the structure can be controlled by changing the alkyl chain length 
of the cationic surfactant used for synthesis. Samples have been produced with pore 
diameters from 15 to over 100 Å. This meant that the mesopore size can be tailored for 
specific applications, allowing for easier system optimization (Beck et al. 1992). 
Despite the desirable characteristics of MCM-41, it is unsuitable as a template for 
ordered mesoporous carbon. Its carbon analogue has a high surface area but, due to the 
unconnected one dimensional template structure, was not interconnected and collapsed 
upon template removal, yielding a disordered carbon (Lee et al. 2000; Ryoo et al. 
2001). 
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Subsequently, another of the M41S family has been researched. MCM-48 is a cubic 
mesoporous silica with Ia3d symmetry, consisting of two independent three-
dimensional, interwoven mesoporous networks separated by 1nm thick silica walls 
(Carlsson et al. 1999). Similar to MCM-41, the pore and unit cell size of MCM-48 is 
controllable by substitution of surfactant with varying alkyl chain lengths. The surface 
area is commonly around 1100 m2 g−1 (Jun et al. 2000). The carbon analogue, CMK-1, 
was the first successfully synthesized ordered mesoporous carbon (Joo et al. 2001), and 
is discussed further in section 3.3.3.2. 
 
Following the discovery of the M41S materials, the most important advancement in 
ordered silica materials came from the development of the SBA family of mesoporous 
silicas by Zhao et al. at the University of California, Santa Barbara. Like MCM-41, 
SBA-15 is synthesized through the self-assembly of a liquid crystal template; the 
template is formed in this case by reaction of Pluronic P-123 (PEO-PPO-PEO) 
EO20PO70EO20 triblock copolymer and tetraethylorthosilicate (TEOS) as the silica 
source, in acidic conditions (Zhao et al. 1998). It is also a hexagonally ordered network 
of one-dimensional pores. SBA-15 has a BET surface area of 850 m2 g−1. 
 
SBA-15 has a few advantages over the M41S silicas. First, the synthetic procedure for 
SBA-15 is much simpler than that of either MCM-41 or MCM-48. The formation of 
the MCM materials require controlled temperatures and pressures for successful 
synthesis, and require alteration of reagent materials (e.g. alkyl chain length of the 
surfactant), addition of auxiliary chemicals or change in reaction conditions (Beck et al. 
1992). MCM-48, in particular, can be difficult to synthesize, due to its low 
hydrothermal stability (Kim and Ryoo 1998). In contrast, SBA-15 can be formed 
entirely at room temperature, and the pore sizes can be controlled within the range of 
20-300 Å by changing the heat steps after the initial reaction (Zhao et al. 1998). In 
short, SBA-15 is a more commonly used material due to it high hydrothermal stability, 
much simpler synthesis procedure and low-cost, nontoxic reagents.   
  
The second advantage of SBA-15 has to do with their use as templates in carbon 
synthesis. Its structure is very similar to MCM-41, but benefits from having micropores 
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and small mesopores through the silica pore walls (Jun et al. 2000). Accordingly, a 
carbon templated from this material will have an interconnected structure, which is 
necessary to prevent structural collapse on template removal (Liang et al. 2008). Tian et 
al. introduced micropores in the silica walls of MCM-41 by microwave digestion in 
order to produce an ordered carbon (Tian et al. 2003). Due to the relative ease of SBA-
15 synthesis and its built-in pores, the carbon analogues, CMK-3 and CMK-5 are more 
common (Liang et al. 2008). These materials will be discussed in detail in section 
3.3.3.2.  
3.3.3.2. Mesoporous Carbon Materials 
Ryoo et al. were the first to use ordered mesoporous silicas as templates for carbon 
synthesis (Ryoo et al. 1999); previously synthesized materials had employed a variety 
of disordered silica materials as templates (Joo et al. 2006; Liang et al. 2008). Using 
MCM-48 as a template, they synthesized the first self-supporting ordered mesoporous 
carbon, CMK-1.  
 
The procedure for carbon synthesis from silica templates is fairly standardized; Figure 
3.5 depicts a generalized schematic of the templating process. In general, the pore 
space of the silica is infiltrated with a carbon precursor and a carbonization catalyst to 
promote cross-linking. Common precursors are sucrose, fufuryl alcohol, phenol-resin 
and acetylene gas (Ryoo et al. 2001). Sulfuric acid is used as a polymerization agent for 
sucrose, while alumina is added to the silica template for fufuryl alcohol.  
 
The material is then carbonized by pyrolysis, either in inert atmosphere (under N2 or Ar 
flow) or under vacuum. The silica template is then removed either with HF or NaOH. 
CMK-1 is made by infiltrating the pore volume of MCM-48 with an aqueous mixture 
of sucrose and sulfuric acid (Joo et al. 2001). 
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Figure 3.5 Generalized templating procedure 
 
CMK-1 is not a true inverse-replica of MCM-48, due to structural transformation of the 
material during the template removal step. The geometry of the structure changes 
(cubic Ia3d to cubic I4132) due to shifting of the disconnected carbon networks to form 
contacts. The surface area of CMK-1 is typically 1300-1800m2g−1 (Ryoo et al. 2001; 
Chang et al. 2007). 
 
Ryoo et al. have tested the thermal and mechanical stability of CMK-1 (Ryoo et al. 
2001). XRD analysis was used to show that CMK-1 can withstand mechanical pressure 
up to 4740 kg cm2 for 10 minutes. This is a large improvement over the silica template. 
Also, CMK-1 exhibits high thermal stability in inert atmosphere, though the 
degradation in air is greater than that of carbon nanotubes. 
 
Following this discovery, many of the SBA and MCM materials have been used to 
template mesoporous carbons, though SBA-15 is the most commonly used silica 
template (Ryoo et al. 2001; Ryoo et al. 2001; Joo et al. 2006; Liang et al. 2008). The 
two most common carbon structures based on SBA-15 are known as CMK-3 and 
CMK-5. CMK-3 is synthesized using sucrose as the carbon precursor, while CMK-5 
employs furfuryl alcohol. 
 
CMK-3 was the first true inverse replica of its silica template to be produced (Jun et al. 
2000). It consists of hexagonally ordered carbon nanorods 7nm in diameter, 
interconnected with carbon microchannels (Solovyov et al. 2002). It has a pore size 
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distribution centered at 4.5 nm and a BET surface area of 1500 m2 g−1, which is higher 
than the silica template.  
 
The key difference between CMK-3 and CMK-5 is that, when utilizing furfuryl alcohol 
as the carbon precursor, carbon nanopipes are formed, rather than nanorods. Sucrose 
impregnation into the SBA-15 results in complete filling of the pores, leading to the 
formation of carbon nanorods. After carbonization, the SBA-15 pores are only partially 
filled when furfuryl alcohol is used as the precursor, leading to the formation of 
nanopipes. The thickness of the carbon walls is determined by the amount of carbon 
precursor impregnated into the structure (Kruk et al. 2003).  
 
Prior to fufuryl alcohol impregnation, SBA-15 has to be converted to an aluminosilicate 
form, usually by the addition of aqueous AlCl3, for the acid-catalyzed polymerization 
of the precursor (Kruk et al. 2003). As with other materials mentioned previously, the 
samples are then carbonized and the template removed.  
 
The extra surface area created by the inner pores of the carbon nanopipes give CMK-5 
a very high specific BET surface area of 1500-2200 m2 g−1, depending on the thickness 
of the carbon walls (Ryoo et al. 2001). 
3.3.3.3. Templated Carbon as Electrocatalysts 
Carbon materials based on SBA-15 have been used as electrocatalysts by many 
different research groups. Nam et al. used CMK-3 as the ORR catalyst in a DMFC. 
Pt/CMK-3 and a commercial Pt/Vulcan (5 mgPt cm−2) were compared in DMFC with 
standard commercial PtRu/Vulcan anodes. At 65°C, the performance of the Pt/CMK-3 
was the same as the peak power density at 80°C for the commercial catalyst (Nam et al. 
2004). This was consistent with the result of Ding et al., who observed enhanced ORR 
activity for Pt/CMK-3 over a commercial catalyst (Ding et al. 2005), and Joo et al. who 
reported the same result for CMK-5 (Joo et al. 2001). 
 
SBA-15 based carbons have demonstrated particularly low electrical conductivity. 
Fuertes and Alvarez report a conductivity of 0.3x10−2 S cm−1 for CMK-5. They 
suggested that the use of more graphitizable carbon precursors, such as poly-vinyl 
chloride (PVC), certain aromatic hydrocarbons or mesophase pitch, could be used to 
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increase the conductivity of the substrate. Using a PVC-based carbon, the conductivity 
was two orders of magnitude greater than CMK-5, but only after graphitization at high 
temperature was the conductivity comparable to commercial carbon black (Fuertes and 
Alvarez 2004).  
 
Joo et al. (2006) used an aromatic hydrocarbon (phenanthrene) as the precursor for a 
hexagonally ordered mesoporous carbon based on MSU-H (Kim and Pinnavaia 2001), 
similar in structure to CMK-3/5. They compared the performance of this material and a 
sucrose-based carbon against a commercial support and found that, though the sucrose-
based carbon exhibited the highest surface area, the phenanthrene carbon had the 
largest electrochemically active surface area and the best performance by far (80 mW 
cm−2, compared to 45 mW cm−2 for the sucrose-carbon, and 30 mW cm−2 commercial). 
This was attributed to the uniform, mesoporous structure of the templated carbons, and 
the higher conductivity of the phenanthrene-based material (Joo et al. 2006). 
 
Many other templates have been used for fuel cell substrate synthesis. Yamada et al. 
(2007) used SiO2 colloidal crystals as a template for a high-surface area carbon with 
three-dimensional, interconnected spherical mesopores of diameter 45nm. This material 
exhibited high limiting current density compared to carbon blacks, possibly due to the 
enhanced electrolyte transport through the large pores of the structure. It also exhibited 
the highest ORR catalytic activity of the materials tested and the highest active catalyst 
surface area (Yamada et al. 2007). 
 
A structure with a combination of pore sizes predominantly mesoporous in nature but 
containing both macro and micropore volume, would facilitate the transport of 
reactants and products, especially for the cathodic oxygen reduction reaction (Su et al. 
2005; Ren et al. 2007). Micropore volume is necessary for species selectivity and 
macropore volume to reduce the mass transport limitations of the catalyst layer and to 
allow for electrolyte permeation that is necessary for the formation of the TPB.  
 
Hierarchical materials have been tested by a few different research groups. Fang et al. 
synthesized a mesoporous spherical carbon with a hollow macroporous core for fuel 
cell use. The material was found to have both higher electrocatalytic activity and lower 
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charge-transfer resistance towards the ORR. The maximum power density obtained 
with the 60wt% Pt/OMC in H2 PEMFC was almost double that of a synthesized 60wt% 
Pt/Vulcan (Fang et al. 2009). 
 
The same group also used a template of polystyrene spheres, with a colloidal dispersion 
of silica spheres for mesoporosity, to synthesize a high catalyst loading hierarchical 
carbon (denoted OHNC). The macropores in the structure were around 450 nm in 
diameter, connected by 160 nm diameter pores, with 20 nm wide mesopores in the 
carbon walls. The synthesized carbon shows enhanced ESA and catalyst utilization 
than Vulcan, as well as increased ORR activity. There was an 88% increase in the 
maximum power density when the OHNC is used at the cathode catalyst support, 
though the Pt/Vulcan outperforms the experimental material at lower catalyst weight 
percentages, due to the increase in catalyst particle size and uneven dispersion (Fang et 
al. 2009). 
3.3.3.4. Summary 
Templated carbon materials have been tested extensively for fuel cell use. One of the key 
advantages to templated materials is the degree of structural control possible, particularly 
when using template with three-dimensional, interconnected pore structures. Ordered 
templates can be used to generate ordered carbon structures, with narrow pore size 
distributions. The relative ease of synthesis and uniform pore characteristics make 
templated carbons extremely attractive for fuel cell catalysis. 
3.3.4. Carbon Gels 
Carbon gels are a novel form of mesoporous carbon that have potential uses in many 
different fields due to their high surface area, conductivity and the tunable nature of 
their structures, allowing for optimization of surface and pore characteristics for 
specific applications. Gels commonly possess three-dimensional, continuous pore 
networks, which make them ideal for fuel cell use (Moreno-Castilla and Maldonado-
Hódar 2005). 
 
Carbon gels are made from the carbonization of organic aerogels, which are made from 
the sol-gel poly-condensation of organic monomers. The first organic aerogel, and most 
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commonly used for carbon synthesis, was made by Pekala et al., from the 
polycondensation of resorcinol with formaldehyde (RF), by dissolving in water and 
reacting with acidic or basic catalyst and then drying (Pekala 1989).  
 
Similar to carbon blacks, carbon aerogels are built up from interconnected primary 
particles, where the microporosity comes from the spacing within the agglomerations 
of primary particles, while macro and mesoporosity  are derived from the spacing 
between the agglomerates (Yoshizawa et al. 2003). This allows for the micropore and 
mesopore volumes to be controlled independently of one another. 
 
The structure of the carbon gel is largely determined by the structure of the gel it 
originated from. The primary method of structural control for RF and carbon aerogels 
is controlling the polymerization conditions of the gel, which is mostly determined by 
the resorcinol-catalyst (R/C) ratio of the reaction (Maldonado-Hódar et al. 1999). A 
low R/C ratio results in a ‘polymeric’ structure with small particles (3-5nm) connected 
by large bridges, while a high R/C ratio results in a ‘colloidal’ structure with large 
spherical particles (16-200nm), connected by narrower bridges (Al-Muhtaseb and 
Ritter 2003; Moreno-Castilla and Maldonado-Hódar 2005).  
 
Aerogels must be dried very carefully to prevent collapse of the pore structure. The 
different drying procedures result in gels with different properties, depending on each 
method’s effect on the gel structure. Aerogels are produced when the solvent within the 
gel voids is exchanged with another and then dried supercritically. Depending on the 
R/C ratio, initial pH and carbonization procedure, aerogels can have surface areas from 
400 m2 g−1 up to even 1000 m2 g−1 (Saliger et al. 1998; Zanto et al. 2002).  
 
Supercritical drying can be both time consuming and expensive, which has lead to 
research into alternate drying methods (Reuß and Ratke 2008). Xerogels are produced 
when the solvent within the gel structure is removed by conventional means, though 
this causes the internal gel structure to collapse, resulting in massive pore shrinkage 
and a very dense resulting polymer (Job et al. 2006). Thus, xerogels tend to have 
significantly smaller surface areas and total pore volume than aerogels, though surface 
areas up to 600m2g−1 have been reported (Zanto et al. 2002).  
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Cryogels are formed when the gel solvent is removed by freeze-drying, which is both 
safer and less expensive than supercritical drying. In this method, the solvent is frozen 
and removed by sublimation, again avoiding the formation of the vapor-liquid interface 
(Arbizzani et al. 2007; Yamamoto et al. 2008). After carbonization, though carbon 
aerogels have higher mesopore volume, cryogels exhibit higher BET surface area in 
most cases (800-1200 m2g−1). This is possibly due to a tendency of cryogels to undergo 
mesopore shrinkage during carbonization (Tamon et al. 1999).  
3.3.4.1. Carbon Gels as ORR Electrocatalysts 
By adding soluble metal salts into the mix used for the initial aerogel reaction, well-
dispersed supported catalysts can be produced. This affects the structure of the gel, as the 
metal particles can catalyze the polymerization and gelation of the structure, which 
affects the morphology of the structure. Maldonado-Hódar et al. (1999) prepared Pt, Pd, 
and Ag-doped aerogels by replacing the catalyst, commonly Na2CO3, with the relevant 
transition metal salt, (Pt(NH3)4)Cl2, PdCl2 or AgOOC-CH3. Otherwise, the aerogel 
synthesis was the same as the method outlined by Pekala et al. (Pekala 1989). They 
found that the transition metal catalyzed aerogels had no mesopores; the Pd and Ag 
aerogels were almost entirely microporous, while the pore volume of the Pt aerogel (N-
Pt) was made of both micro and macropores. When carbonized, the N-Pt actually 
increased in micropore and macropore volume. Activation of the material with steam 
resulted in an increase in BET surface area, as well as an increase in both mesopores 
and macropore volumes, making them possibilities for use as hierarchical catalyst 
supports (Maldonado-Hódar et al. 1999).  
Cellulose-based carbon aerogels were used by Guilminot et al. (2007) as cathode catalyst 
supports using chemical and electrochemical reduction methods. They found that the 
ORR specific activity of the carbon aerogel was comparable to Pt/Vulcan using the same 
deposition technique (Guilminot et al. 2007). This result has been confirmed by different 
groups, for both carbon aerogels and xerogels (Figueiredo et al. 2006; Kim et al. 2008; 
Liu and Creager 2010). 
Marie et al. (2004) obtained a similar result. They deposited Pt catalyst on aerogels by 
chemical and ion-exchange methods and found that the ORR activity of the carbon 
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aerogels, determined by an investigation of the relationship between the activation 
overpotential and the current density, were slightly higher than Vulcan XC-72. However, 
despite its substantially lower surface area, Vulcan XC-72 exhibited the highest active 
surface area, almost twice that of the next highest material. According to the TEM 
images, the aerogel-supported catalyst is better supported, but is only estimated to be 
25% active, compared to 75% for Vulcan XC-72. The disparity was attributed to 
occlusion of catalyst particles in pores and defects of the carbon aerogel. (Marie et al. 
2004). 
Choi et al. (2006) compared methanol oxidation of three different materials, a 
mesoporous RF carbon gel, carbon nanotubes and Vulcan XC-72. Though the 
manufactured carbons exhibited higher specific surface area than Vulcan XC-72, the 
Pt/Vulcan showed the highest activity toward methanol oxidation. This was due to the 
poor electrical conductivity of the aerogel and CNT (0.4 and 0.17 S cm−1) even after the 
carbonization temperature was raised to increase graphitization (Choi et al. 2006).  
3.3.4.2. Summary 
Carbon aerogels are attractive materials due to the tunability of their structures, though 
they are not as versatile as the templated carbons described in 3.3.3. The ability to 
incorporate the catalyst salt into the initial reaction mix is also an interesting feature that 
has the potential to decrease catalyst particle loss due to detachment from he substrate. 
However, the performance of carbon aerogels is consistently lower than that of carbon 
black due to their low surface area and conductivity, despite their high specific surface 
area and activity. Again, the mixed results emphasize the need for broad spectrum 
examination of materials, so that any performance discrepancies can be interpreted. 
3.3.5. Boron-Doped Diamonds (BDD) 
Conductive diamonds have been investigated for fuel cell use due in part to their 
stability and corrosion resistance under oxidative treatment. The morphological 
stability and electrochemical corrosion resistance of BDD thin films have been proven, 
in both acidic and basic media, with no structural degradation (Chen et al. 1997).  
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Diamond’s high density and strong sp3 bonding make it almost completely impervious 
to ion insertion and inert to oxidative attack. This, plus the fact that diamonds are also 
naturally chemically inert, allows for operation at much higher temperatures than might 
otherwise be possible (Honda et al. 2001).  
 
Though diamonds are naturally insulating, polycrystalline diamond powders are made 
conductive by the growth of a thin, boron-doped layer onto their surface (Antolini 
2009). Fischer and Swain used microwave plasma-assisted CVD to grow a boron-
doped layer on a commercially available, low surface area (~2 m2 g−1 with particle 
diameters of 8-12 µm) diamond powder (Fischer and Swain 2005). The boron-doped 
layer visibly alters the surface of the diamond, causing the particle surface to become 
smoother and more faceted. Particle agglomeration and fusion was also observed at 
longer doping times. The doping layer caused an increase in conductivity from 
essentially zero to 1.5 S cm−1 after 6 hours of growth. This is very similar to the value 
for the graphite powder used in the study (1.3 S cm−1).  
3.3.5.1. Electrocatalytic Performance 
BDD have mostly been tested as anodic catalyst supports in direct methanol and direct 
ethanol fuel cells. La-Torre-Riveros et al. (2010) synthesized a stable, high surface area 
BDD catalyst on silicon wafer substrates. Methanol oxidation analysis was carried out 
by cyclic voltammetry in a half-cell reactor and it was shown that it is possible to use 
non-doped diamond materials as DMFC anode supports (La-Torre-Riveros et al. 2010). 
 
Montilla et al. tested two different techniques for platinum deposition on to p-Si 
supported BDD thin films (p-Si/BDD). Multi-step deposition of Pt was shown to have 
greater surface and mass activity toward methanol oxidation than a single-step process. 
The stability of the prepared catalyst was poor, resulting in 60-70% loss of Pt after 
1000 load cycles (Montilla et al. 2003). González-González et al., similarly, 
electrodeposited Pt and PtRu onto BDD thin films and found that the multi-step 
deposition resulted in a higher activity than a single-step process. However, the 
stability of the material was greater, with no significant losses after 32 load cycles 
(González-González et al. 2006). 
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Honda et al. (2001) generated well-ordered, nano-honeycomb boron-doped diamond 
films on n-Si(111) wafer substrates, by high-pressure plasma-assisted CVD and plasma 
etching. Following Pt deposition into the etched pores, the electrodes were evaluated by 
CV and AC impedance in H2SO4. The electrocatalytic performance of the honeycomb 
films was found to be dependent on the structure of the diamond film and honeycomb 
pore properties. The best performance was obtained with pores 400 nm in diameter and 
3 µm depth, with a peak current density for methanol oxidation 16 times that for a 
polycrystalline Pt surface. This was attributed to the high electrocatalytic activity of the 
Pt particles, and the high surface area of the nano-honeycomb structure (Honda et al. 
2001). 
 
Finally, Spătaru et al. (2008) prepared a Pt/BDD powder catalyst by electrodeposition 
and tested it against a similarly produced Pt/graphite powder. The Pt particles tended to 
agglomerate, but were much smaller than those in other works (5-15nm). The methanol 
oxidation activity of the Pt/BDD and Pt/graphite were tested by long-term electrolysis, 
using Nafion as a binding agent. Using a floating electrode configuration, Pt/BDD 
demonstrated a slight increase in methanol oxidation, though the Pt active surface area 
was found to be higher with the Pt/graphite. Long-term electrolysis measurements 
showed that the Pt/BDD may be less sensitive to CO poisoning than Pt/graphite, based 
on steady-state and long-time polarization results (Spătaru et al. 2008). (Spătaru et al. 
2008)(Spătaru et al. 2008)(Spătaru et al. 2008) 
3.3.5.2. Summary 
Boron-doped diamond seems to be an interesting material, though not actually viable for 
fuel cell use. Though the use of diamond as a substrate addresses the need for a stable 
substrate, capable of withstanding the fuel cell environment for extended time periods, it 
also presents many drawbacks in terms of conductivity, activity, and catalyst stability. 
This shows that, when using alternate substrates to improve the properties of the catalyst, 
there is often times a corresponding decline in another aspect. Despite the notion of an 
‘ideal’ catalyst material, it would seem that a more realistic outcome would be a material 
that enhances the performance of the catalyst layer in certain crucial ways to allow it to 
out-perform standard materials, if only under specific circumstances. 
 86 
3.4. CARBO*ACEOUS CELATOM 
As outlined in the sections above, there are many different carbon materials that can be 
used as support materials in DMFC, and many parameters to consider when choosing 
one for fuel cell catalysis. As evidenced by the extremely varied results with different 
substrates, there are many issues that must be considered when experimenting with the 
catalyst substrate.  
 
The properties outlined in section 3.1 are just a few of the many important properties 
that affect the performance of the catalyst layer. Not only does the performance of the 
substrate matter, but the support material would ideally also be cost-effective for scale-
up, requiring no expensive reagents or equipment for synthesis. From this perspective, 
templated carbons have an advantage over other materials.  
 
However, commonly used silica templates do require chemical reagents and, most 
importantly, time for synthesis and characterization before the carbon material can be 
made. Diatomaceous earth is an abundant, low-cost silica that can be used as a template 
for carbon synthesis, without requiring synthesis or characterization.  
3.4.1. Diatomaceous Earth 
Diatomaceous earth, also known as diatomite, is a naturally occurring clay from 
geological deposits, predominantly composed of the mineralized exoskeletons of 
diatoms. Diatoms secrete a porous skeleton, called a frustule, of amorphous opaline 
silica, usually between 5-200 µm in diameter (Talbot et al. 2005). This material 
undergoes structural transformation to anhydrous silica (cristobalite) then to quartz, 
depending on the time, temperature and depth of the deposit (Hardwood 1999). 
Diatomaceous earth is made of 89-94% silicon dioxide (SiO2), minerals such as 
alumina (Al2O3) and iron oxide (Fe2O3) in significant amounts, and other trace oxides 
(EP Minerals 2010).  
 
There are many diatom fossil deposits around the world, mostly from the Eocene/ 
Miocene periods. Diatoms are the most species-rich algae, and there may be as many as 
200,000 different species (Jones and Scott 2007). The diatomaceous earth used in this 
project is available under the trademark Celatom FW-80 (EaglePicher), which is made 
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of the Aulacoseira granulata species of diatom (Graniel-Garcia 2008). This species is 
predominantly found in freshwater, and is mined in Nevada and Oregon. Commercial 
diatomaceous earth is typically calcined between 1500-1800°C or flux-calcined in the 
presence of a flux (soda ash) to remove residual organic material (EP Minerals 2010). 
 
As seen in Figure 3.6 below, it has a characteristic hollow cylindrical shape. Like most 
other diatoms, there are areolae through the cell wall, arranged in rows of strias, which 
increase the surface area of the material (Tsai et al. 2006). 
 
Figure 3.6 SEM image of Aulcoseira granulata (Celatom FW-80) 
3.4.2. Uses and Commercialization 
Diatomaceous earth can be used for many different applications, due to its high silica 
content, low conductivity, low density and high mechanical strength, amongst other 
useful properties. It can be used as an absorbent (Ridha et al. 1998), insulator, silica 
catalyst support, cement additive, natural insecticide and a grain protectant. The largest 
end use of diatomaceous earth is as a filter aid for purifying beer, liquor and wine, and 
for cleaning greases and oils (El-Shafey et al. 2004).  
 
The worldwide production of diatomite in 2010 was 1.83 million tons. The largest 
producers are, in order, the United States (30.0%), China (24.6%) and Denmark 
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(12.3%). The average cost of filter-grade diatomite in 2010 was $380 per ton (Crangle 
2011). 
3.4.3. Literature 
Diatomaceous earth has been researched in different fields. Vrieling et al. have 
researched the process of diatom silicon biomineralization in an effort to produce 
nearly-pure silica or biomimetic silica structures for industrial applications (Vrieling et 
al. 1999). Tsai et al. (2004) used spent diatomaceous earth, recovered from a tobacco 
and liquor company, and used three different activation methods to generate a silica 
adsorbent. The activated diatomaceous earth was used to adsorb methylene blue from 
aqueous solution (Tsai et al. 2004). 
 
Recently, diatomaceous earth has been used to produce hierarchical materials by 
mixing with other silica materials. Anderson et al. created a micro/macroporous 
material by growing microporous ZSM-5 zeolite inside of the macroporous 
diatomaceous earth structure (Anderson et al. 2000). Hernández-Ramírez et al. used a 
similar diatomaceous earth / Zeolite Y composite to remove Co from aqueous solutions 
and immobilize the ion within the composite structure (Hernández-Ramírez et al. 
2007). 
 
In this research, a porous carbon was made using a technique similar to the one 
originally used by Ryoo et al., outlined above (Ryoo et al. 1999). The detailed synthesis 
of this procedure involves three infiltration steps, to fill the pore volume of the silica 
template gradually, as further explained in Chapter 4. This procedure was developed 
and optimized by Holmes et al. (Holmes et al. 2006).  
3.5. SUMMARY 
In this chapter, an overview of the state of research for carbon catalyst substrates for 
DMFC was presented. The major carbon morphologies and allotropes used for fuel cell 
catalysis were described, and their recent applications in fuel cells and 
electrochemistry, with a focus on ORR catalysis, have been discussed.   
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The literature results show that the specific system characteristics often determine the 
relative performance of materials, rather than the material properties alone. There is 
often a performance exchange that occurs, whereby increasing the performance in one 
aspect will cause a decrease in another. This is most noticeable in the literature for 
carbon aerogels and boron-doped diamonds. The CNF literature demonstrates the 
necessity for testing of multiple aspects of the substrate, and that material 
characterization alone is not sufficient for complete evaluation. Finally, when 
investigating a material for commercial viability, the cost of the material is of 
paramount importance. A material that exhibits performance greater than standard 
materials cannot be considered for commercialization if its fabrication procedure is 
cost-prohibitive as it is for CNT and, to a lesser extent, ordered mesoporous carbons.  
 
Finally, a porous carbon, based on the templating procedure discussed in Section 
3.3.3.2, has been proposed. Based on the literature results of the materials described in 
this chapter, the expected result is that the optimal material will depend on the 
fabrication techniques and the operating conditions. Comparing the electrochemical 
(Chapter 5) and fuel cell performance (Chapter 6) may provide new insights into the 
effects of support structure on the fuel cell performance.  
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CHAPTER 4. MATERIALS SY*THESIS A*D 
EVALUATIO* 
 
 
In this chapter, the experimental procedures and characterization techniques used for 
materials synthesis and evaluation will be described. First, a brief overview is offered 
of the characterization techniques used in this work.  Next, the synthesis procedures for 
the carbon substrates will be outlined and the resulting materials discussed. Finally, the 
platinum deposition procedures used in this research will be outlined and synthesized 
Pt/C evaluated based on quality of deposition and catalyst surface area.  
4.1. CHARACTERIZATIO* TECH*IQUES 
The materials synthesized in this research were examined and evaluated using a variety 
of different characterization techniques in order to confirm production of the desired 
structure and to obtain quantitative and qualitative analysis of samples. 
Characterization techniques used in this research included scanning electron 
microscopy (SEM), energy dispersive x-ray spectroscopy (EDAX), transmission 
electron microscopy (TEM), powder x-ray diffraction (XRD), thermogravimetric 
analysis (TGA), and inductively coupled plasma optical emission spectroscopy (ICP-
OES).  
4.1.1. Scanning Electron Microscopy (SEM) 
Scanning Electron Microscopy (SEM) is a technique used in materials science for 
obtaining topographical and morphological information of samples as well as sample 
composition and crystallography. SEM is commonly used for qualitative analysis of 
samples due to its high resolution, large depth of field, and high degree of 
magnification (10-10,000x) (Zhang 2008), enabling detailed imaging of the surface 
morphology. 
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SEM uses a beam of electrons (wavelength 0.12Å) to scan the surface of the sample 
and build a three-dimensional image of the sample surface. Due to the use of electrons 
for imaging, samples need to be electrically conductive to prevent build up of charge on 
the sample surface, which can cause distortion and poor focus of the image (Potter et al. 
1999). Nonconductive samples are made conductive by introducing a conductive 
material to its surface, usually by sputtering under vacuum. Gold is commonly used 
though other conductive materials such as tungsten, graphite and platinum can also be 
used.  
 
A tungsten-hairpin electron gun is used to generate electrons. The electrons are directed 
towards the target and accelerated by applying a voltage between the tungsten filament 
and a metal plate placed below it, forming a nearly monochromatic beam of electrons. 
The SEM is operated under vacuum, in order to prevent shorting and decreased lifetime 
of the filament, and to prevent the collision of electrons with gas molecules, which can 
cause ionization and beam instability.  
 
The diameter of the electron beam is reduced by a series of lenses in order to make it 
suitable for SEM work. A condenser aperture is used to eliminate high energy electrons 
from the beam. A schematic diagram of the components of a SEM and their 
configuration is shown in Figure 4.1 below. 
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Figure 4.1 Schematic diagram of an SEM column and detection system. Redrawn from (Wells et al. 2001). 
To create an image, the electron beam scans across the surface of the sample in a 
controlled pattern. Scan coils are used to generate rapidly changing magnetic fields, 
which control both the movement of the beam and, to a smaller extent, the spot size. 
The objective lens focuses the beam directly on the sample surface and, controlling the 
spot size and the area being scanned, images of varying quality and resolution can be 
obtained.  
 
The incident electron beam interacts with the sample atoms and can result in a variety 
of signals. The most important signals are secondary electrons, which come from the 
sample itself, and backscattered electrons, which are electrons from the incident beam 
that are reflected off of nuclei from the sample atoms. Other signals include x-rays 
(transition of electron to inner shell vacancy causes emission of x-rays), discussed 
further in Section 4.1.2, Auger electrons (transition of electron to inner shell vacancy 
causes emission of another electron) and cathodoluminescence (light emission from the 
sample), although these require special equipment to be detected (Joy et al. 2001). 
Additionally, heat may be generated or, in certain materials (insulators, 
semiconductors), a current may be induced in the sample. The possible electron-solid 
interactions are shown Figure 4.2 below. 
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Figure 4.2 Diagram of possible electron beam- solid interactions in the SEM 
 
The signals most commonly used for image generation are secondary electrons and 
backscattered electrons. Secondary electrons are low-energy electrons (<50 eV, 
typically 1-10 eV) (Joy et al. 2001) that are emitted when the primary electrons in the 
beam interact with the sample electrons, exciting them from the atom and releasing 
them close to the sample surface. Many secondary electrons can be excited by a single 
primary electron, but only those excited close to the sample surface (up to a depth of 
~10 nm) are able to escape (Wells et al. 2001). Their proximity to the sample surface 
allows imaging using secondary electrons to provide the highly detailed topographical 
information with the three dimensional appearance that is characteristic of SEM.  
 
Backscattered electrons are higher energy electrons (>50 eV) (Joy et al. 2001), that are 
emitted due to elastic collision of primary electrons with sample atom nuclei. The 
number of backscattered electrons is independent of the beam energy, but is also a 
function of the atomic number of the material the beam strikes. As such, backscattered 
electrons are useful for visualizing areas on the sample surface with different chemical 
compositions, since materials with higher atomic number appear brighter than those 
with lower atomic number. A backscatter detector was used in this research to examine 
catalyst materials and the quality of platinum deposition.  
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The SEM used in this research was a FEI Quanta 200 Environmental SEM (ESEM). 
Samples were prepared by adding a thin layer of powdered sample to a double-sided 
carbon tape, attached to a metal holder. All samples were examined by secondary 
electron imagining (SEI), and catalyst materials were additionally imaged with the 
backscatter detector.  
 
4.1.2. Energy Dispersive X-ray Spectroscopy (EDAX) 
As discussed in the previous section, a number of signals can be detected when a 
primary beam of electrons strikes a sample. When primary electrons remove an inner 
shell electron from an atom, this creates a vacancy that can be filled by an outer shell 
electron. Since outer shell electrons are of higher energy than the inner shell electrons, 
the excess energy is released in the form of an x-ray. These x-rays possess wavelengths 
characteristic of the atomic species they are generated from.  
 
Energy Dispersive X-ray Spectroscopy also known as EDAX, EDS or EDX, utilizes a 
detector that measures the wavelengths of the x-rays emitted from the sample, which 
can be used to determine the atomic composition of the sample surface (Wells et al. 
2001). EDAX was typically done following SEM imaging and tables were obtained of 
relative weight percent of the sample components. 
4.1.3. Transmission Electron Microscopy (TEM) 
Similar to SEM, Transmission Electron Microscopy (TEM) is a powerful imaging 
technique that employs an electron beam to obtain magnified images of material 
specimens. TEM differs from SEM in that the electron beam passes through a thin 
sample to obtain information on the surface projection and internal structure of the 
material. The first TEM was developed by Max Knoll and Ernst Ruska in Germany in 
1932.   
 
While SEM is commonly employed to determine surface characteristics, TEM is used 
to examine the morphology and crystallography of solid materials at much higher 
magnifications, nearly to the atomic level. TEM operation is often more complicated 
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than SEM operation, but the extreme levels of resolution and magnification obtainable 
from it use make it a valuable tool for materials research (Zhang 2008).  
 
In order to obtain a TEM image, an accelerated electron beam is passed through a 
sample, requiring that the sample be thin enough for electrons to penetrate and be 
transmitted. This does limit the materials that can be examined using TEM. Materials 
thicker than 50-300 Å cannot be imaged properly using this technique due to the high 
inelastic energy loss, which causes a loss in resolution (Amelinckx et al. 2001). There 
are several thinning techniques, such as ion milling and electropolishing, which can be 
used in order to make samples suitable for TEM use. As with SEM, TEM are operated 
under vacuum to prevent arcing at the filament and the electrodes, and to prevent 
ionization and scattering of the electron beam. This also requires that the tested samples 
be able to withstand high vacuum conditions (Amelinckx et al. 2001). 
 
A schematic diagram of a TEM column is shown in Figure 4.3. Electrons are produced 
either by lanthanum hexaboride (LaB6) single crystal or a field-emission gun (FEG) 
with a tungsten filament.  The electrons are accelerated in an electric field and then 
focused by electromagnetic condensing lenses to restrict the electron path to form a 
coherent electron beam. The beam passes through a condenser aperture and to the 
sample, where electrons are deflected or transmitted (Williams et al. 2001). 
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Figure 4.3 Schematic diagram of a TEM column. Redrawn from (Rühle et al. 1996; Amelinckx et al. 2001). 
 
Transmitted and scattered electrons are recombined using an objective lens into an 
image. The objective aperture is used to restrict high-angle deflected electrons to 
enhance contrast. A selected field aperture allows the examination of the periodic 
diffraction of electrons by ordered arrangements of atoms in the sample (Williams et al. 
2001). Finally, the beam is focused through a series of focusing lenses onto a 
fluorescent screen. 
 
TEM images are generated when the transmitted electrons come into contact with the 
fluorescent screen, generating light. Bright field TEM, which was used in this research, 
utilizes the unscattered electrons that pass through the sample without any sample 
interaction. When electrons pass through the sample, a portion of the electrons are 
scattered by atomic collisions. Thicker regions and those with denser material allow 
fewer electrons to pass through the sample, resulting in a comparably dark area. Areas 
where the sample is thin, low-density, or not present at all, will allow a greater number 
of electrons to pass, resulting in a brighter area. Through this contrast, a two-
dimensional image of the internal structure of a material is produced.  
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In this research, a TECNAI G2 instrument (FEI Company) was used to obtain TEM 
images. Images were captured using a charge-coupled device (CCD) camera. Fine 
sample powders were used for TEM imagery, so no thinning was necessary before 
sample preparation. Small amounts of sample powder were dispersed in acetone to 
form a dilute slurry, and sonicated for 10 minutes. 1-2 drops of the slurry were 
deposited onto carbon grids (commonly used for TEM imaging) and the solvent 
allowed to fully evaporate before testing.   
 
Using TEM, the structure of tested materials was examined. The average catalyst 
particle size was obtained and, using this information, the catalyst specific surface area 
can be estimated using equation 4.1 (Carmo et al. 2005): 
d
S
Ptρ
6
=      Equation 4-1 
where ρPt is the density of the platinum (21.45g/cm
3), d is the average particle diameter 
and S is the specific surface area, assuming fully exposed spherical particles.  
4.1.4. Powder X-Ray Diffraction (XRD) 
One of the most important techniques for determining the crystalline structure of 
materials is X-ray Diffraction (XRD). XRD is a technique that can be used both to 
determine the unit cell structure of a material and to identify synthesized materials 
through their unique diffraction patterns (Pecharsky and Vavalij 2003).  
 
About 95% of solid materials can be described as crystalline (Zhang 2008). Each 
crystalline substance has a characteristic atomic arrangement that causes x-rays to 
diffract in a unique pattern. When x-rays pass through matter, they lose energy due to 
ejection of orbital electrons in the material, and to scattering from electrons in the 
material; the pattern of varying intensities caused by scattering is called a diffraction 
pattern. Scattered x-rays interfere with other scattered x-rays. When these waves 
coincide, constructive and destructive interference can occur, resulting in an additive 
increase or decrease of the amplitude of the wave (Kasai and Kakudo 2005). 
 
Sir William Henry Bragg and his son William Laurence Bragg were the first to note the 
similarity of diffraction to normal reflection. Assuming that crystalline structures are 
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formed by layers or plane of atoms, they derived a simple equation by which diffraction 
can be seen as the reflection of x-rays from the lattice planes. Bragg’s law relates the 
diffraction angle θ, and the lattice plane spacing d, at which constructive interference of 
x-rays of wavelength λ, or an integral multiple of it, occurs, resulting in an intense 
reflected beam. A schematic representation of this relationship is shown in Figure 4.4 
below (Pecharsky and Vavalij 2003).  
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Figure 4.4 Schematic Representation of Bragg Diffraction in a Crystalline Lattice 
 
This is expressed as: 
θλ sin2dn =     Equation 4-2 
 
where n is an integer. For powdered samples such as those used in this research, the 
crystal planes are randomly oriented, causing diffraction in all directions. The x-rays 
are diffracted into a series of concentric cones in order to condense a three dimensional 
diffraction onto a single plane detector (Whiston 1987).  
 
Figure 4.5 below shows a schematic diagram of a powder diffractometer, where a 
monochromatic (single-frequency) beam of electrons is aimed at a powder sample on a 
metal support. The intensity of the diffracted beams are measured as the detector is 
moved to different angles. Using this technique, a characteristic diffraction pattern for 
individual materials can be obtained and can be used to identify materials by 
comparison with a known diffraction pattern.  
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Figure 4.5 Schematic Representation of a Powder Diffractometer. Redrawn from (Whiston 1987). 
 
Diffraction patterns are used in this research to identify synthesized structures, such as 
CMK-3, by peak comparison with diffraction patterns obtained from the literature, and 
to ensure no amorphous material is present in the sample. This method was also used to 
determine catalyst particle size by the Scherrer equation (Zhang 2008): 
θβ
λ
τ
cos
K
=
    Equation 4-3 
 
where K is a shape factor, λ is the x-ray wavelength, θ is the Bragg angle, β is the line 
broadening (peak width) at half the maximum intensity in radians, and τ is the mean 
particle size of the catalyst. From the mean particle size, the specific surface area of the 
catalyst can be estimated as described in Section 4.1.1 above.  
 
In this research, a Philips Analytical X’pert diffractometer, with a copper X-ray tube, 
was used to generate XRD patterns. Powder samples were packed and flattened in 
aluminum holders prior to testing, in order to ensure a smooth flat surface for testing. 
4.1.5. Thermogravimetric Analysis 
Thermogravimetric analysis (TGA) is a technique used to analyze the thermal 
degradation of a sample by measuring the weight change of a sample as temperature is 
increased in air or under inert atmosphere. Using this technique, information can be 
obtained about thermal stability and compositional analysis of known samples (Zhang 
2008). 
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In this research, a Hi-Resolution TGA 2920 Thermogravimetric Analyzer (TA 
instruments) was used to carry out thermal analysis. Both carbon supports and catalyst 
impregnated carbons were analyzed by TGA. This was done to assess the weight of 
silica remaining in carbon substrates and the residual ash content of the material. 
Catalyst samples were analyzed to find the metal concentration in the sample, by 
subtracting the final weight percent after analysis of the carbon from the final weight 
percent of the catalyst. This assumes that all volatile components are completely burned 
off, that the only remaining material was catalyst metal, and that a negligible amount of 
catalyst was oxidized.  
 
Approximately 10 mg of sample was heated under air in ceramic dishes, from room 
temperature to 1000oC at a rate of 5oC min−1. The weight of the sample and the rate of 
weight loss were continuously monitored and as a function of temperature.  
4.1.6. Inductively Coupled Plasma Optical Emission 
Spectroscopy 
Inductively coupled plasma optical or atomic emission spectroscopy (ICP-OES or 
AES) is used is an analytical technique that is useful for elemental analysis. It can be 
used for multi-element analysis of materials at very low concentration, down to the 
parts per billion range.  
 
ICP-OES is an emission technique, based on the fact that elements adsorb and emit 
radiation at characteristic wavelengths. Generally, the intensity of the relevant 
wavelength is proportional to the concentration of the element in the sample. The 
concentration of unknown samples can be found by comparing with a range of standard 
known samples. The acid matrix of the aqueous samples and the calibration standards 
have to be matched in order to ensure the accuracy and reliability of the analysis 
(Wolnik et al. 1988). 
 
Samples can be introduced into the ICP-OES as solids, liquids or gases. Liquid samples 
are introduced to the ICP and aerosolized using a pneumatic nebulizer. The aerosolized 
sample is transported through the spray chamber and into the plasma by a carrier gas. 
Sample atoms are excited by the high temperature of the plasma (7000-10,000 K), and 
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emit light when they return to the ground state (Wolnik et al. 1988). The light is 
collected by a spectrometer and the measured intensity at the relevant wavelength is 
used to determine the concentration of an atomic species in the sample.  
 
The ICP-OES used in this research was a Perkin-Elmer Optima 5300 ICP-AES. 
Samples were prepared for ICP-OES by digesting with strong acid to dissolve the 
catalyst particles. In this case, aqua regia was used due to its ability to dissolve 
platinum metal. Aqua regia is made by mixing concentrated HCl and HNO3 in a 3:1 
volumetric ratio. The solution is unstable and decomposes quickly, and has to be 
prepared immediately before use.  
 
Samples were prepared by weighing out 0.02 g of Pt/C and adding 20 mL of freshly 
prepared aqua regia. Samples were digested by sonicating the mixture for 3 h at 60°C. 
Following digestion, 2 mL of the sample was diluted with 20 mL of 3.7% HCl, which 
was employed as the matrix solution. Calibration standards were prepared using a 
1000 ppm platinum standard solution (from BDH), which was diluted with 3.7% HCl 
to the desired concentration. A calibration curve was obtained before and after the 
experimental samples, using a blank (matrix only) and calibration concentrations of 1, 
5, 10, 15, 20 and 60 ppm.  
4.2. CATALYST SUBSTRATE SY*THESIS 
In this section, the fabrication techniques for the templated carbons CMK-3 and 
carbonaceous Celatom are described. The characterization results and materials 
analysis of the synthesized structures are also presented.  
4.2.1. SBA-15 and CMK-3 Synthesis 
4.2.1.1. SBA-15 Synthesis 
The mesoporous silica SBA-15 was synthesized according to the procedure adapted 
from Zhao et al (Zhao et al. 1998). In this procedure, tetraethylorthosilicate (TEOS 
98%, Aldrich) was used as the silica source, triblock copolymer Pluronic P123 
(EO20PO70EO20, Aldrich) was used to create the surfactant template, and hydrochloric 
acid (37%, Sigma Aldrich) was used in order to perform the reaction in acidic 
 102 
conditions. The molar ratios of the mixture was 1 TEOS : 0.018 P123 : 16.33 HCl : 183 
H2O (Ryoo et al. 1999).  
 
For the synthesis of SBA-15, 2 g of the triblock copolymer P123 was weighed in a 
polypropylene bottle and placed in a water bath at 70oC while stirring in order to melt 
the thick substance and to aid in its handling. When the P123 was melted, 64.58 g of DI 
water was added dropwise while stirring, followed by 11.68 g HCl. Finally, 4.08 g of 
TEOS was added dropwise to ensure that the TEOS was well mixed and fully reacted. 
The mixture was then continuously stirred for 1 h.  
 
After stirring, the bottle was sealed with PTFE and placed in an oven at 45oC for 24 h, 
then at 100oC for a further 24 h. The sample was allowed to cool and the solid product 
was then filtered, without washing, and dried at 45oC. The material was then calcined 
in a muffle furnace under static air at 550oC for 5 h in order to decompose the triblock 
copolymer template. The end product is a white powder, which was characterized by 
powder x-ray diffraction (XRD) and N2 adsorption. 
4.2.1.2. CMK-3 Synthesis 
The CMK-3 mesoporous carbon was synthesized using the SBA-15 as a template, via 
sucrose impregnation and decomposition. In order to fill the pores of the SBA-15 
completely, the sucrose impregnation was carried out twice; after the first sucrose 
decomposition, the pore volume of the template was only partially filled, and a second 
impregnation was used to fill the remaining volume. This serves to prevent sucrose 
decomposition and carbon formation outside of the pores of SBA-15, which would 
result in a non-uniform structure and pore-blockage (Solovyov et al. 2002). 
 
In the first sucrose impregnation, 1.25 g of sucrose (BDH) was weighed out in a vial 
and mixed with 5 g of DI water. When the sucrose was fully dissolved, 0.14 g of 
concentrated H2SO4 (Sigma Aldrich) was added dropwise, mixing after each drop. This 
solution was then added to 1 g of the previously synthesized SBA-15 mesoporous silica 
and sonicated for 30 minutes. There were three drying steps performed on the resulting 
slurry; it was dried in an oven programmed at 60oC for 12 h, then the temperature was 
increased first to 100oC for 6 h to decompose the sucrose fully, and finally to 160oC for 
a further 6 h, which causes the acid to cross-link the sucrose. The sample was then 
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allowed to cool to room temperature. The resulting product was a coarse dark brown or 
black solid. 
 
 
Figure 4.6 Oven program for drying and polymerization of sucrose (Jun et al. 2000). 
The second sucrose impregnation followed the same general procedure as the first, but 
with 0.75 g sucrose, 5 g DI water and 0.08 g H2SO4. After the decomposition of the 
sucrose, the carbonization was completed by pyrolysis under nitrogen gas; to achieve 
this, the sample was placed in a quartz boat inside of a quartz tube in a tubular furnace 
using the heating steps shown in Figure 4.7.  
 
 
Figure 4.7 Pyrolysis oven program for carbon synthesis (Jun et al. 2000). 
After pyrolysis, the resulting carbon-silica composite was placed in a round-bottom 
flask and refluxed twice with 1 M NaOH in 1:1 ethanol: water solution at 90oC for 12 h 
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in order to dissolve the silica template completely. The carbon sample was filtered, 
washed with a hot solution of 1:1 EtOH: H2O to avoid the washed out silica re-
crystallising while filtering. The template-free carbon was then dried at 45oC overnight.  
4.2.2. Structural Characterization 
Samples of the SBA-15 and CMK-3 were characterized by XRD and a diffraction 
pattern was obtained. If the XRD spectra did not match the literature spectra, the 
material in question was found not to be present, and the sample was discarded.  
 
 
Figure 4.8 XRD spectra for SBA-15 and CMK-3 (Jun et al. 2000). 
Figure 4.8 shows the typical XRD spectra for SBA-15 and CMK-3. In Figure 4.9, the 
comparison of the experimental and literature spectra can be seen. Three distinct, well-
resolved peaks can be found in the XRD spectrum for the synthesized SBA-15, which 
are characteristic of the (100), (110), and (200) diffractions of the 2D hexagonal 
structures (Jun et al. 2000). The experimental CMK-3 spectrum does not show peaks as 
distinct as the literature spectrum; the (110) and (200) peaks are somewhat unclear, and 
cannot be individually distinguished. This is possibly do to incomplete cross-linking of 
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the carbon structures, which can cause featureless XRD patterns or weak diffraction 
peaks (Jun et al. 2000). 
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Figure 4.9 *ormalized XRD Patterns for SBA-15 and CMK-3 
 
A broad, indistinct peak is present around 2° in the CMK-3 spectrum; this corresponds 
to the (110) and (200) peaks that would normally by present with sufficient structural 
cross-linking.  
4.2.3. Carbonaceous Celatom (C-Celatom) Synthesis 
Celatom FW-80, also known as diatomaceous earth, is the mineralized exoskeletons of 
diatoms. As discussed in the previous chapter, Celatom is suitable for catalyst 
applications due to its abundance and low cost. The availability and low cost of 
Celatom make this material a more attractive template compared to SBA-15, which has 
to be synthesized requiring the purchase of expensive chemicals.  
 
Celatom FW-80 is a naturally occurring mineral that can be milled from diatomaceous 
earth, consisting mostly of diatoms with hollow, cylindrical silica structure of similar 
size. A few examples of the individual Celatom particles are shown in Figure 4.10. The 
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average length of each particle was 20 µm with an outer diameter of 10-15 µm, inner 
diameter 4-6.5 µm, and an array of pores 0.5-0.75 µm in diameter in the silica wall. 
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Figure 4.10 Individual Celatom particles and their dimensions 
The synthetic procedure used for the carbonaceous Celatom is also based on the 
procedure developed by Ryoo et al. for mesoporous carbon (Ryoo et al. 1999). Due to 
the difference in the template shape, the amount of carbon precursor required was 
estimated based on the amount required to fill the void space in the center of the 
Celatom structures. Based on the shape of the silica shell, the void space was calculated 
assuming that the Celatom was a cylindrical shell (Graniel-Garcia 2008). 
 
The pore volume of the Celatom was filled with the carbon precursor incrementally, in 
order to optimize the infiltration procedure. The sucrose infiltration was made in three 
steps. Table 4.1 shows the amounts of sucrose and sulfuric acid used in each step. A 
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mass of 1 g of the Celatom was added to the mixture in the first impregnation. The 
same drying procedure was carried out between impregnations. After the final sucrose 
impregnation, the same pyrolysis and silica removal steps were performed, as described 
in Section 4.2.1.2. 
 
 Sucrose (g) H2SO4 (g) 
1st Impregnation 0.63 0.07 
2nd Impregnation 0.38 0.04 
3rd Impregnation 0.23 0.02 
Table 4.1 Sucrose impregnation reagents used for 1 g of Celatom(Holmes et al. 2006; Graniel-Garcia 2008). 
Following the silica removal step, the resulting carbonaceous Celatom (C-Celatom) 
was characterized by visual inspection of the material by scanning electron microscopy 
(SEM) and EDAX following silica template removal. The EDAX spectra was obtained 
to determine the amount of silica (wt%) still present in the surface layers of the sample 
after two washes in caustic media. The weight percent of silica remaining in the sample 
was usually between 1-3 wt%. For the sake of these following results, only samples 
with less than 2.0 wt% silica remaining. 
4.2.4. C-Celatom Characterization  
Upon dissolution of the silica template, a carbon analogue of the Celatom is formed. 
Based on the internal structure of the Celatom particles, different carbon structures can 
be obtained, from simple cylindrical particles, to more complex torus shapes. A few 
examples of the different possible structures are shown below.  
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Figure 4.11 Sample structures of C-Celatom 
One notable detail is that the surfaces of the c-celatom particles have small protrusions 
that arise from the pores in the Celatom silica walls. These increase the roughness of 
the carbon and the overall surface area. In some areas, partial covering of the outer 
silica wall with carbon resulted in more pore-like structures, such as the ones shown 
below.  
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Figure 4.12 C-Celatom structures with connectivity between primary particles and outer carbon coating 
4.2.5. Substrate Morphology Summary 
The synthesis and characterization of two of the materials used in this research was 
presented. CMK-3 and C-Celatom were fabricated and characterized to confirm their 
structure and to determine their morphological properties. These materials have been 
used throughout this research, and compared to commercial Vulcan XC-72. A summary 
of the characteristics and morphological details of the three materials from the literature 
is shown in Table 4.2 below. Due to time and equipment constraints, BET data could 
not be obtained for the experimental substrates.  
 
 Vulcan XC-72 1 CMK-3 2 C-Celatom 3 
BET Surface Area 
(m
2
/g) 
254 1500 312 
Pore Characteristic Micro Meso Macro 
Table 4.2 BET Surface area and primary pore volume characteristic for tested materials. *2 adsorption data 
obtained from 1 (Uchida et al. 1996), 2 (Ryoo et al. 2001), and 3 (Holmes et al. 2006). 
C-Celatom is suitable for fuel cell catalysis due to its high surface area, which 
marginally surpasses that of Vulcan XC-72 (Holmes et al. 2006). Also, the 
macroporous nature of the substrate should allow for greater permeation of the 
electrolyte into the catalyst layer than for either the CMK-3 or Vulcan XC-72. Despite 
the lack of order in the obtained carbon and the lower surface area compared to the 
ordered CMK-3, the C-Celatom can still be considered a viable option for fuel cell 
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catalysis due to the low cost of the necessary starting materials and the naturally-
occurring silica template, which eliminates the labor cost for template synthesis.  
 
The next step in catalyst fabrication is loading of the metal catalyst onto the carbon 
substrate. This is discussed in the following section. 
4.3. CATALYST IMPREG*ATIO* 
The final step in synthesizing the catalyst material is platinum deposition. This step is 
crucial to the development of the catalyst, as the loading of the precious metal and the 
quality of deposition have a significant effect on the overall performance of the 
material. In this research, three platinum deposition techniques were evaluated - two 
incipient wetness techniques and a colloidal technique. The technique that exhibited the 
deposition with the desired characteristics was used for fuel cell testing (discussed in 
Chapter 6).  
 
Each platinum deposition technique was performed on the three substrates used in this 
research, a commercial uncatalyzed Vulcan XC-72, CMK-3 and C-Celatom. The 
quality of each deposition technique was evaluated by considering both the size 
distribution of catalyst particles, which can be seen using TEM, and the distribution of 
catalyst particles on individual substrate particles, which is visible in the SEM. Finally, 
the average catalyst particle size and the catalyst surface areas were evaluated using 
SEM/TEM images and XRD spectra. 
4.3.1. Standard Catalyst Characterization and Analysis 
The standard fuel cell catalyst used for comparison in this research was 60 wt% Pt on 
Vulcan XC-72 (ETEK). The sample was analyzed using SEM and TEM, so that the 
results can be used as a basis for comparison with the laboratory prepared catalysts.  
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Figure 4.13 TEM micrograph of commercial 60 wt% Pt/ Vulcan XC-72 
The image shown in Figure 4.13 above is a TEM micrograph of commercial 60wt% Pt/ 
Vulcan XC-72. The dark spots in the image are catalyst particles, deposited onto the 
surface of the lighter grey Vulcan XC-72 structure. The particles are fairly well 
dispersed over the surface of the substrate, though there is evident agglomeration; this 
is most likely due to the high catalyst loading. From the TEM, the average particle size 
of the catalyst was found to be 3.5 ± 0.5 nm, which agrees with results from the 
literature (Shen and Tian 2004). Using equation 4.1, the catalyst specific surface area 
was estimated to be 79 m2 g−1. 
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Figure 4.14 SEM micrograph of commercial 60 wt% Pt/Vulcan XC-72 
The SEM micrograph shown in Figure 4.14 shows a very well dispersed sample, with 
virtually no visible clusters. The backscatter detector was used to generate this image, 
so catalyst particles should show up as bright spots. The image gets its glowing 
appearance from the highly dispersed nanoparticles, which, despite their small size, are 
detected due to the high loading.  
4.3.2. Platinum Deposition Method 1 – Borohydride Reduction 
The deposition was carried out using an incipient wetness technique adapted from Wen 
et al. (2008). Using this technique, 0.05 g of the carbon support was added to 5 mL of a 
0.01 M hexachloroplatinic acid (H2PtCl6) solution, and sonicated for 30 min. After 
sonication, the platinum salt was reduced onto the substrate surface by adding a 0.08 M 
NaBH4/ 0.02M NaOH solution, dropwise, to the slurry while stirring. The amount of 
platinum salt used was calculated for a final deposition of 25 wt% Pt on each carbon 
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substrate. The mixture was stirred overnight to ensure complete reduction of the metal, 
then centrifuged (at 4000 rpm for 5 min), vacuum filtered while washing with water 
and finally dried in a vacuum oven at 70°C for 6 hours (Wen et al. 2008). Following 
filtration, there was a noticeable yellow-orange color in filtrate for some of the samples, 
indicative of incomplete reduction of the platinum salt.  
4.3.2.1. TEM Analysis 
This quality of the deposition technique was first evaluated by TEM on CMK-3 (see 
Figure 4.15). CMK-3 was chosen for this test because it is a relatively thin material, but 
is stable enough for TEM conditions. The particle size of the C-Celatom is too large for 
TEM without thinning, and certain samples of Pt/Vulcan XC-72 were prone to beam 
damaging while images were being taken.  
 
 
Figure 4.15 TEM image of Pt/CMK-3 using deposition method 1 (borohydride reduction) 
As seen in Figure 4.15, this deposition method is suitable for synthesis of platinum 
nanoparticles on the substrate surface. The average particle size in the sample was 
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4.2 ± 0.5nm, which is a suitable value for fuel cell testing. From equation 4.1, the specific 
surface area of catalyst in the sample was found to be 62 m2 g−1.  
However, there is noticeable particle agglomeration apparent in the picture above. It is 
even more so at larger scale, as shown in Figure 4.16 below, in which particles up to 
30nm can be observed. While particle size variation is of lesser importance at the 
nanometer scale, the agglomeration does call into question the quality of the deposition, 
since poor dispersion can decrease the available surface area for reaction (Dicks 2006). 
The examination of the dispersion, and the effects of poor dispersion, will be examined 
further in the next section.  
 
Figure 4.16 TEM of Pt/CMK-3 showing significant agglomeration of catalyst particles 
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4.3.2.2. SEM Analysis 
The catalysts were also evaluated by SEM and EDAX analysis to observe the bulk 
dispersion of the catalyst. The SEM micrographs shown in Figure 4.17 to 4.19 show 
the Pt/C-Celatom, Pt/CMK-3 and Pt/Vulcan synthesized using this technique. 
Backscatter analysis was used to enable visual comparison of materials. The platinum 
particles show up as bright spots on the SEM image, confirmed by EDAX analysis.  
 
 
Figure 4.17 SEM image of Pt/C-Celatom  using deposition method 1 (borohydride reduction) 
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Figure 4.18 SEM image of Pt/CMK-3 using deposition method 1 (borohydride reduction) 
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Figure 4.19 SEM image of Pt/Vulcan XC-72 using deposition method 1 (borohydride reduction) 
From the SEM images shown in Figures 4.17 to 4.19, it can be seen that, though many 
of the catalyst particles are too small to be measured using this technique, there is 
significant particle agglomeration. As mentioned in the previous chapter, catalyst 
agglomeration is detrimental to fuel cell performance, since both the overall surface 
area and the active surface are reduced by large, localized particles, which may have 
little to no connectivity to the substrate (Antolini 2003). 
 
Another issue with this platinum deposition technique is the disparity between the 
loadings obtained on different substrates. Despite using similar amounts of reactant 
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(calculated for a 25 wt% loading of catalyst), the loadings obtained by ICP-OES for the 
tested substrates were 14.71, 22.64 and 8.29 wt% Pt on Vulcan XC-72, CMK-3 and C-
Celatom, respectively. This excess platinum salt is either not reduced or possibly 
reduced in solution, as mentioned at the end of section 4.3.2. This discrepancy may be 
due to the differences in the surface areas or, particularly in the case of C-Celatom, the 
pore characteristics. Incipient wetness technique relies on capillary forces to fill the 
substrate pores, which is greater for smaller pores (Vergunst et al. 2001).  
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Figure 4.20 Platinum loading on different substrates using deposition method 1 (borohydride reduction)  
For Vulcan XC-72, it is likely that the non-uniform pores, which inhibit the rate of 
liquid penetration, and the presence of air bubbles trapped in the micropores, lead to 
incomplete saturation of the pore structure, which can give rise to agglomeration and 
non-adsorbed catalyst particles (Lee and Aris 1985). However, the pores of the C-
Celatom are too large for there to be sufficient capillary action to promote the 
adsorption of the catalyst particles onto the substrate surface (Khanna 2011). Only the 
pore structure of the CMK-3 seems to be favorable for incipient wetness. 
 
Obtaining samples with similar loading would require significant tailoring of the initial 
reaction conditions, with the possibility of affecting the quality of deposition of 
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samples differently. A deposition technique that can achieve similar loading onto each 
substrate without tailoring would be more desirable. 
 
Ultimately, this technique was not used for final fuel cell testing due to the poor 
dispersion of catalyst material and the difficulty of loading control.  
4.3.3. Platinum Deposition Method 2 – Borohydride / Ethylene 
Glycol Reduction 
The second platinum deposition technique used in this research was chosen for the 
possibility of reduced particle agglomeration. In this technique, ethylene glycol is used 
as a reducing agent, assisted by NaBH4. According to Kim et al. (2006), the ethylene 
glycol acts as a stabilizing agent during the metal reduction, preventing growth and 
agglomeration of catalyst particle, which results in a small, uniformly dispersed catalyst 
particles (Kim et al. 2006).  
 
Using this method, 0.1 g of carbon support was dispersed with 0.05g H2PtCl6 in 5 mL 
of ethylene glycol and sonicated for 30 min. A 5:1 excess of sodium borohydride to 
H2PtCl6, in a 10:1 molar ratio solution of ethylene glycol and NaBH4, was added 
dropwise to the slurry while stirring vigorously. Following the addition, the mixture 
was stirred for 4 hours at room temperature, and then 5 mL of 37% HCl was added to 
adsorb the platinum particles onto the substrate. The sample was vacuum filtered, 
washed with DI water and dried overnight at 120°C, as according to the literature 
procedure.  
4.3.3.1. Sample Analysis 
During sample separation, the filtrate of the reaction had a yellow or orange hue, 
depending on the substrate material, indicating incomplete reduction of the platinum 
salt to varying degrees. Indeed, upon evaluation by SEM/ EDAX, only trace amounts 
of platinum (<1 wt% Pt) were detected. The procedure was repeated with varying 
reaction conditions and amounts of starting reagents, with similar results.  
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4.3.4. Platinum Deposition Method 3 – Alkoxide Reduction 
The final platinum deposition technique was selected from the patent literature based 
on higher repeatability. This particular technique uses sodium alkoxide as a reducing 
agent for catalyst impregnation (Lee et al. 2009).  
 
Sodium alkoxide and platinum chloride (with a molar ratio of between 4:1 and 8:1) 
were mixed in ethanol while stirring and then sonicated. This solution was mixed with 
the carbon substrate powder (mass ratio of Pt:C between 1:9 and 8:2), sonicated and 
heated at temperatures between 5 and 80°C for different time ranges. The solution was 
mixed with 0.1-0.5 M HCl to adsorb the platinum particles. Finally, the sample was 
filtered, washed with DI water and dried.  
 
Given the constraints of the method, there is a great deal of room for optimization. For 
all samples prepared using this method, the molar ratio of PtCl2:NaOR was kept 
constant at 1:6 to ensure complete, but slow, reduction of the platinum precursor. The 
weight ratio of PtCl2:C was kept at 1:4 to obtain platinum loadings of around 20wt%. 
The reagent concentration in the reaction was varied by changing the amounts of 
solvent.  
 
The effect of the temperature of the platinum reduction was also examined. The heating 
steps examined were adapted from temperature suggestions in the patent document. 
The temperature steps of the deposition procedure were varied to examine the effects of 
reduction speed, from a quick reduction at high temperature, to a slow reduction at low 
temperature. 
4.3.4.1. Effect of Varying Reactant Concentration 
The effect of the colloid concentration during the deposition procedure was 
investigated because of its possible effect on the rate of platinum salt reduction, the 
particle size and the degree of agglomeration. 
 
In the concentration study, 0.0208 g NaOCH3 was mixed with 0.017 g Pt(II)Cl2 in 
2 mL ethanol, stirred and sonicated for 15 min. A mass of 0.05 g of the carbon support 
was mixed with 4 mL ethanol and the mixture was sonicated for 15 min. The resulting 
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slurries was mixed together using a stirrer and sonicated for a further 15 min. After 
sonication, the mixture was stirred for 15-17 h at room temperature, and then heated to 
70°C and stirred for a further 4 hours. The solution was allowed to cool to room 
temperature, and 6 mL of 0.2 M HCl was added to the mixture which was then stirred 
for 3 hours. The sample was then filtered and allowed to dry overnight at 60°C. The 
concentration of the sample was varied by adjusting the volume of ethanol used for 
reaction, and by changing the molarity of the HCl added.  The standard concentration, 
which was described in this section, was chosen from conditions stated in the patent 
procedure. The volume of ethanol added in the first and second steps were doubled for 
the dilute reaction (12 mL total), and halved for the concentrated reaction (3 mL total). 
The amount of HCl was kept constant, but the molarity was changed to 0.1M for the 
dilute reaction (12 mL), and 0.4M for the concentrated reaction (3 mL). 
4.3.4.2. TEM Analysis 
The platinum nanoparticles were examined by TEM imaging. The distribution of the 
particles on a Vulcan XC-72 substrate and their size is shown for the double 
concentrated sample in Figure 4.21, for the standard concentration sample in Figure 
4.22, and for the half concentration sample in Figure 4.23. From the TEM images, a 
comparison of the dispersion achieved using varying concentrations can be observed.  
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Figure 4.21 TEM image of Pt/Vulcan XC-72 using deposition method 3 (alkoxide reduction), 2x concentrated 
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Figure 4.22 image of Pt/Vulcan XC-72 using method 3 (alkoxide reduction), standard concentration 
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Figure 4.23 image of Pt/Vulcan XC-72 using method 3 (alkoxide reduction), half concentration 
There is very little difference in the TEM micrographs of the standard and double 
concentration samples. Both images show small, fairly uniform platinum nanoparticles 
on the carbon surface, though there is significant agglomeration evident at in some 
areas. The average platinum particle sizes of these samples are almost identical 
(2.8±0.4 and 2.8±0.5 nm, respectively).  
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Conversely, the half concentrated sample shows a very good, uniform dispersion of 
catalyst, with no agglomeration at the relevant scale. By decreasing the concentration 
of the reaction, the particle distribution was noticeably enhanced. The average particle 
size was 2.1±0.3 nm, which is not necessarily ideal. A number of research groups have 
found maximized activity values for particle sizes in the 3.0 – 4.5 nm range, and that, 
below a certain threshold particle size, the catalytic activity decreased in all cases 
(Attwood et al. 1980; Kabbabi et al. 1994; Frelink et al. 1995). In-situ x-ray adsorption 
studies performed by Mukerjee and McBreen (1998), in 1M HClO4, on commercial 
catalysts with platinum particles from 2.5 – 9 nm dia. showed that, for particles smaller 
than ~5nm, strong adsorption of H+, OH− and carbon containing compounds, such as 
CO, occurs (Mukerjee and McBreen 1998).  So the ORR activity of the catalyst can 
actually decrease with the size of the catalyst particle below 5 nm.  
 
In contrast, an in-situ PEMFC study of catalysts with very narrow particle size 
distributions by Wilkander et al. (2007) showed very little difference in ORR activity 
or electrochemical surface area in particles between 1.6 - 2.6 nm, even when compared 
to a commercial standard material (Wikander et al. 2007). Based on the varying results, 
it seems that the peak activity of the particle surface is highly dependent on the testing 
method and the measure of activity (e.g., electrochemical activity or fuel cell 
activation). Ultimately, the low concentration procedure was used as the standard for 
the remainder of the deposition techniques, not due to the small particle size, but to the 
uniformly sized and dispersed particles exhibited by the sample.  
4.3.4.3. SEM Analysis 
SEM analysis was also performed to examine the effect of the reagent concentration on 
platinum deposition in the bulk. Again, EDAX was used to confirm that the bright 
spots on the images were due to the presence of platinum metal. In the SEM 
micrographs shown in Figures 4.23 and 4.24, relatively large particles can be found in 
each of the three materials. As with the TEM results, based solely on visual inspection 
of the image, there is little difference between the standard and concentrated samples. 
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Figure 4.24 SEM micrograph of Pt/Vulcan using method 3 (alkoxide reduction), 2x concentrated 
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Figure 4.25  SEM micrograph of Pt/Vulcan using method 3 (alkoxide reduction), standard concentration 
Despite the relatively well dispersed samples that seemed evident in the TEM, bulk 
analysis using SEM shows the limitations of the deposition technique. There are very 
large (up to 7µm) catalyst particles in the bulk. These large particles, and the apparent 
lack on contact between these large particles and the substrate, will most likely 
decrease catalyst surface area and electrochemical surface area. Any detached particles 
are not in electrical contact with the system and will not be able to contribute to the 
electrochemical reaction.  
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Figure 4.26  SEM micrograph of Pt/Vulcan using method 3 (alkoxide reduction), half concentration 
Again, there are agglomerates in the SEM for the dilute sample (see Figure 4.26), 
though they are smaller than the more concentrated samples, 2-3 µm diameter on 
average with particles up to 5 µm. As with the more concentrated samples, many of 
these large particles appear to be disconnected from the substrate surface, and will not 
be able to participate in the electrochemical reaction, decreasing the utilization ratio of 
the catalyst. 
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4.3.4.4. Summary 
Based on the TEM and SEM results, it is apparent that the concentration of the reaction 
has a significant effect on the platinum reduction and deposition. Though there is still 
room for improvement in the overall characteristics of the fabricated sample, 
decreasing the concentration of the reaction enhances the deposition technique, 
resulting in a better catalyst with small, uniformly distributed particles and few 
agglomerates observed in both the TEM and the SEM. The concentration used for the 
‘half concentration’ sample described in this section is used as the standard reaction 
concentration for the remainder of the deposition techniques in this work. 
4.3.5. Reduction Heating Steps 
The effect of the heating step for catalyst precursor reduction was also examined. There 
is a wide range of temperatures and heating stages that can be examined within the 
patented deposition procedure. The temperature will affect the rate of catalyst 
reduction, which can, in turn, affect the particle size and dispersion.  
 
Three heating procedures were considered. The first was that used in the previous 
section, with a long reaction at room temperature, followed by a shorter time at 
elevated temperature (reaction for 15-17 h at room temperature and 4 hours at 70°C). In 
the second procedure, the first reaction step (15-17 h at room temperature) was 
eliminated; the reaction mixture was heated rapidly from room temperature and held at 
70°C for 4 h immediately after the slurries were mixed (no room temperature reaction, 
reaction for 4 h at 70°C). In the final procedure, a cold reaction step was added, where 
the mixture was cooled to 10°C and stirred at this temperature for 15-17 h, allowed to 
heat gradually to room temperature, and then heated at 70°C (reaction for 15-17 h at 
10°C and 4 hours at 70°C). Otherwise, the procedure used was identical to the one 
described for the ‘half concentration’ sample in Section 4.3.4.1.  
4.3.5.1. #o room temperature reaction 
During the experimental procedure, when filtering the catalyst from solution, a dark 
yellow filtrate was observed, indicating incomplete reduction of the catalyst precursor. 
The catalysts were evaluated by SEM/ EDAX to determine the extent of the reaction. 
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As expected, the loading of platinum in the sample was relatively low, with less than 5 
wt% Pt detected by EDAX. The EDAX spectrum for Pt/C-Celatom synthesized using 
this technique is shown in Figure 4.27. 
 
 
Figure 4.27 EDAX spectrum for Pt/C-Celatom prepared using method 3 (alkoxide reduction) without 
reaction at room temperature  
The SEM of the fabricated carbon supports the supposition of poor/ incomplete 
deposition (see Figure 4.28). Few of the small particles that are commonly visible in the 
catalyst images from this research are visible in the sample. The particles visible in the 
sample are between 1-5µm. 
 
 131 
 
Figure 4.28 SEM micrograph of Pt/C-Celatom using method 3 (alkoxide reduction) with no reaction at room 
temperature  
The single-step heating technique was eliminated as a prospective method for preparation 
fuel cell catalyst due to incomplete reduction and poor deposition. It is almost certain 
that, were the reaction time to be increased for this technique, the complete reduction of 
platinum salt could be achieved. However, based on the poor dispersion and significant 
agglomeration that occurred even at such low platinum loadings, it is unlikely that any 
catalyst manufactured using this technique would be suitable for electrochemical use.  
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4.3.5.2. Reaction for 15-17 h at 10°C and for 4 h at 70°C (10/70) 
The final catalyst material to be manufactured and analyzed employed a cooling step, 
where the rate of reduction was decreased by controlling the temperature of the reaction 
to 10°C for a significant period of time. The slow initial reaction could help to 
minimize the formation of large agglomerates in the bulk.  
4.3.5.3. TEM Analysis 
Again, TEM results were used to evaluate the deposition technique (see Figures 4.29 
and 4.30). Small, uniform, well dispersed particles were observed in the micrographs 
when Vulcan XC-72 (Figure 4.29) and CMK-3 (Figure 4.30) were used as the substrate 
material. Again, no TEM images could be obtained of the C-Celatom due to its 
thickness. 
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Figure 4.29 TEM image of Pt/Vulcan XC-72 using method 3 (alkoxide reduction) with reaction carried out for 
15-17 h at 10°C and for 4h at 70°C. 
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Figure 4.30 TEM image of Pt/CMK-3 using method 3 (alkoxide reduction) with reaction carried out for 15-17 
h at 10°C and for 4h at 70°C. 
The average particle size from the Vulcan XC-72 was 2.1±0.3 nm while the average 
particle size was 3.1±0.4 nm for CMK-3, which correspond to specific surface areas of 
132 and 91 m2 g−1, respectively. The difference in particle size between the samples is 
significant, especially when taking into account the smaller difference observed for the 
RT/70 samples.  
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Uchida et al. (1996) found that, for samples generated using the same colloidal 
deposition technique, the catalyst particle size decreased with increased surface area of 
the substrate, an effect which was not observed in this study (Uchida et al. 1996). The 
difference in particle size was attributed to the regular intercrystalline distance of the 
platinum, and the corresponding distance between Pt colloids prior to adsorption onto 
the surface. With insufficient adsorption sites, in a low surface area material, the excess 
colloid particles adsorb where they can, leading to particle ripening. 
 
The opposite behavior is observed here (i.e. a larger platinum particle size was 
observed with a substrate with a higher specific surface area). It is possible that the 
difference lies in the porous nature of CMK-3. Neither Vulcan XC-72 or C-Celatom are 
porous materials, allowing easy access of colloidal particles to adsorption sites on the 
substrate, especially at low concentration. The channels in the CMK-3 could affect the 
distribution of the colloidal particles, leading to ripening of catalyst particles and a less 
uniform distribution, as was observed in the TEM micrographs. The exact cause of this 
phenomenon is unknown, and further work may be needed to examine this. 
4.3.5.4. SEM Analysis 
The prepared catalyst materials were also examined by SEM (see Figures 4.31 to 4.33). 
Despite the difference in procedure, there was still a considerable amount of 
agglomeration observable in the bulk.  
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Figure 4.31 SEM micrograph of Pt/CMK-3 using method 3 (alkoxide reduction) with reaction carried out for 
15-17 h at 10°C and for 4h at 70°C. 
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Figure 4.32 SEM micrograph of Pt/Vulcan XC-72 using method 3 (alkoxide reduction) with reaction carried 
out for 15-17 h at 10°C and for 4h at 70°C. 
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Figure 4.33 SEM micrograph of Pt/C-Celatom using method 3 (alkoxide reduction) with reaction carried out 
for 15-17 h at 10°C and for 4h at 70°C. 
There is still significant clustering visible in each sample. Compared to the cluster sizes 
obtained from the room temperature reaction, the samples prepared with reaction at 
10°C have a smaller diameter by 1-2 µm, which was not as large a difference as 
expected. The dispersion of catalyst agglomerates is fairly good in the bulk, but there 
are pockets of larger particles, which are high catalyst concentration areas, such as the 
one shown in the image on the bottom in Figure 4.33. However, these clusters appear to 
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be in contact with the substrate and will be able to participate in the electrochemical 
reaction, albeit with low utilization. 
 
The platinum loading of the synthesized materials were obtained by ICP-OES, as 
discussed in Section 4.1.6. Unlike the catalyst made using method 1 (borohydride 
reduction), the loadings were similar for each substrate. The loadings were 17.21, 19.67 
and 17.14 wt% for Pt/Vulcan XC-72, Pt/CMK-3 and Pt/C-Celatom, respectively. 
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Figure 4.34 Platinum loading (wt %) for catalyst materials prepared on different substrates using method 3 
(alkoxide reduction) with reaction carried out at 10°C. 
4.3.6. Summary 
Optimization of a colloidal platinum deposition technique was carried out, over the 
period of roughly 9 months. Variables studied were the overall concentration of the 
reaction and the heating steps used for platinum salt reduction. The surface area results 
obtained by TEM imaging on Vulcan XC-72 and CMK-3 are shown in Figure 4.35. 
The results for the catalyst materials prepared using method 3 (alkoxide reduction) with 
reaction carried out at 10°C agree well with the results obtained by using the Scherrer 
equation (equation 4.3 above) on data from the (220) peak, from the platinum fcc 
crystal lattice, of the Pt/C. The average particle size from XRD were 2.1 nm 
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(130 m2g−1) for Pt/Vulcan XC-72, 3.3 nm (86 m2g−1) for Pt/ CMK-3 and 2.4 nm 
(118 m2g−1) for Pt/C-Celatom. The results for Vulcan XC-72 and CMK-3 show good 
agreement with the TEM observations. 
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Figure 4.35 Summaryof specific surface area results obtained from TEM micrographs 
There is a great deal more optimization that could be carried out using this general 
procedure, by altering the loading or the ratio of catalyst to reducing agent, or even 
experimenting further with the variables tested in this work. In particular, the heating 
reduction stages were examined with only a limited scope. Further work in this area 
might help to inhibit bulk agglomeration and improve the overall dispersion.  
 
For the purposes of this work, however, the alkoxide reduction method (method 3) with 
reaction carried out for 15-17 h at 10°C and 4 h at 70°C (10/70) was determined to give 
the most consistent and reproductible catalyst dispersion, with less bulk agglomeration 
and the consistent loading between substrates. In the following chapters, the 
electrochemical characterization and fuel cell results acquired using this catalyst 
material will be presented and discussed. 
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4.4. SUMMARY 
Synthesis, characterization and analysis of the materials used in this research were 
reported in this chapter. The templating techniques used for the preparation of CMK-3 
and C-Celatom were outlined, followed by characterization and structural confirmation 
of the materials prepared before use.  
 
Three different platinum deposition techniques, an incipient wetness technique, 
ethylene glycol reduction, and a colloidal method, were outlined and discussed in this 
chapter. Over the course of around 14 months, the catalyst materials were evaluated 
based on their morphological characteristics, as determined by SEM, TEM and XRD. 
The colloidal catalyst preparation technique was selected for further study, and a 
preliminary optimization of the preparation method was carried out.  
 
The catalyst materials used for comparison in this research, based on this impregnation 
technique, were synthesized. Three highly dispersed Pt/carbon catalysts, based on 
microporous Vulcan XC-72, mesoporous CMK-3, and macroporous C-Celatom were 
prepared for electrochemical studies. These materials will be further evaluated 
electrochemically, before final fuel cell testing.  
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CHAPTER 5. ELECTROCHEMICAL EVALUATIO* OF 
CATALYSTS A*D SUBSTRATE MATERIALS 
 
 
The materials described in the previous chapter were characterized physically in order 
to observe differences their structure, as possible indicators of cell performance. These 
materials were also evaluated electrochemically in order to experimentally assess their 
performance. In this chapter, the electrochemical characterization of the synthesized 
catalyst materials is described. 
 
The catalytic activity of synthesized catalyst materials was measured by cyclic 
voltammetry (CV), using a hydrogen adsorption/ desorption method. Oxygen reduction 
kinetics and specific activity were examined using linear sweep voltammetry (LSV). 
Using these methods, certain characteristics of the synthesized materials can be 
compared, and the differences in performance evaluated and quantified. 
5.1. ELECTROCHEMICAL CHARACTERIZATIO* 
In hydrogen fuel cells, the electrode kinetics of the anodic hydrogen oxidation reaction 
are typically much greater than the cathodic oxygen reduction reaction, as evidenced by 
the exchange current density (i0 ~10
−2 A cm−2 for hydrogen oxidation reaction (HOR) 
versus ~10−3 A cm−2 for ORR at 25°C) (Larminie and Dicks 2003). The ORR is 
understood to be the rate-limiting reaction, and the HOR is commonly assumed to be 
instantaneous. Even in DMFC, with the complicated, slow methanol oxidation reaction 
at the anode, the ORR kinetics are still a considerable limitation to the overall fuel cell 
performance. Electrochemical techniques can be used to assess the kinetics of the ORR 
on synthesized electrocatalyst materials.  
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Electrochemical analytical techniques are used to determine the relationship between 
chemical and electrical properties within a system. Electrical quantities, such as 
current, voltage, resistance or charge can be used to analyze chemical and physical 
properties of a material. Many electrochemical tests can be done ex situ in order to 
simplify both testing and data interpretation. In this way, the characteristics and 
performance of an electrocatalyst are tested individually, and so the performance can be 
determined without having to consider the effects of multiple simultaneous processes, 
notably fuel crossover. The electrochemical surface area, the Tafel slope and the 
exchange current density are commonly used indicators of how well a catalyst will 
perform in the fuel cell environment. 
5.2. CYCLIC VOLTAMMETRY (CV) A*D 
ELECTROCHEMICAL SURFACE AREA (ESA) 
The total catalyst surface area, which was calculated in the previous chapter, is a gauge 
of how well a catalyst can theoretically perform. In practice, a significant portion of the 
catalyst deposited onto the substrate surface cannot be utilized for the electrochemical 
reaction. Inhibited access of reagents to the catalyst surface due to substrate 
morphology or pore blockage, poor electrical contact to the substrate and lack of 
permeation of the ionomer can each prevent the formation of the crucial triple phase 
boundary.  
 
The electrochemical surface area (ESA) of a catalyst describes the area of catalyst that 
can contribute to the electrochemical reaction. A catalyst with a high ESA has a greater 
number of active sites per unit weight, which implies increased fuel cell performance, 
since the active surface area is directly proportional to the cell current. This makes the 
ESA an especially important consideration when attempting to synthesize a high 
performance electrocatalyst (Wang and Feng 2008). 
5.2.1. Cyclic Voltammetry 
ESA is measured in order to quantify the accessibility of reactive sites on the catalyst 
surface and is a useful technique for comparing activity of catalysts. Commonly, the 
active surface areas of metal particles are determined by the anodic stripping of 
hydrogen adsorbed onto the catalyst surface in the under-potential deposition (UPD) 
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region (V< 400mV). This is usually done by performing cyclic voltammetry in an inert 
atmosphere.  
 
The cyclic voltammogram of a platinum catalyst in acidic aqueous solution, as shown 
in Figure 5.1 below, can be separated into three distinct regions. The first region, found 
at the far right of the graph, is known as the “oxygen region”. In this region, the upper 
line of the graph, prior to oxygen evolution, corresponds to a positive potential (anodic) 
sweep where an oxide monolayer is formed on the platinum surface.  The lower line 
represents the cathodic stripping current (Limjeerajarus et al. 2008). 
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Figure 5.1 Cyclic voltammogram 60% Pt on Vulcan XC-72 with a scan rate of 20mV s−1 in 1M H2SO4 at 25°C. 
Potentials shown are vs. SHE. 
 
The central region of the graph is the double layer region, where capacitance charging 
takes place. This corresponds to the current required to charge and discharge the 
electrical double layer at the electrode-electrolyte interface (Wang 2006). This current 
is associated with charge accumulation, but not chemical reaction (i.e. it is non-
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faradaic), and has to be taken into account in subsequent ESA calculations. The double 
layer charging current (Idl) is directly proportional to the double layer capacitance (Cdl) 
and the scan rate (υ). 
Idl = Cdl·υ     Equation 5-1 
 
Finally, the process of hydrogen adsorption and desorption can be seen in the 
“hydrogen region” as labeled on the cyclic voltammogram. In the UPD region, a 
monolayer of hydrogen is electrochemically adsorbed onto the catalyst surface by 
applying negative potentials to the electrode, while it is in contact with an aqueous 
solution. At sufficiently negative potentials, H+ atoms are reduced and adsorb onto the 
catalyst surface.  
H+ (aq) + e− + catalyst site  H (ads)        Equation 5-2 
The reaction continues at increasingly negative potentials, until a hydrogen monolayer 
is formed. Once the monolayer fully covers the catalyst surface, the adsorbed hydrogen 
atoms combine to form adsorbed hydrogen molecules. 
2H (ads)  H2 (ads)         Equation 5-3 
The adsorbed molecules also combine and form bubbles on the electrode surface. When 
the bubbles are of sufficient size, they are evolved from the surface, leaving reactant 
sites exposed to the solution. 
nH2 (ads)  nH2 (g) + 2n-sites    Equation 5-4 
At the negative potentials necessary for hydrogen evolution, the reactions described 
above occur very quickly, leading to a sharp increase in the cathodic current (Doña-
Rodríguez et al. 2000). During the positie potential sweep, the monolater of adsorbed 
hydrogen is oxidized and stripped from the catalyst surface, reversing equation 5-2. 
 
The ESA can be calculated from the total coulombic charge needed for the deposition 
or removal of a chemisorbed monolayer of hydrogen (QH, C·g
−1 Pt), using the peaks 
found in the UPD region of the cyclic voltammogram. This is usually found by 
averaging the total charge transferred during the hydrogen electro-adsorption (Qads as 
shown in figure 5.1) and desorption (Qdes as shown in Figure 5.1) peaks, which were 
calculated in the Autolab GPES software. The contribution of the double layer 
capacitance is removed before QH is calculated (as illustrated in Figure 5.1).  
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The measured ESA of a material depends heavily on the method by which the catalyst 
ink is prepared for testing and deposited onto the electrode. When ESA is determined 
outside of the fuel cell (ex situ), binding agents, such as Nafion® and PTFE can have 
significant effect on the result and are usually omitted. A high loading on the electrode 
results in a thicker deposited layer, which increases mass transport issues in the 
electrode and can decrease the measured ESA (Krishnamurthy and Deepalochani 
2009). 
5.2.2. Experimental 
The ESA experiment was performed in 1M H2SO4 electrolyte, using a three-electrode 
setup in a round bottom flask, with a silver-silver chloride reference electrode inside of 
a separate compartment, which was linked to the solution in the flask by a porous glass 
frit. The working electrode was a 0.5 cm dia. glassy carbon electrode (Pine 
Instruments), and the counter electrode was a platinum rod. The CV was performed 
using an Autolab PGSTAT30 Potentiostat/ Galvanostat. 
 
Pt/C catalysts, 60% Pt on Vulcan XC-72 (E-TEK), Pt/ CMK-3, Pt/C-Celatom and 
Pt/Vulcan XC-72, made using both the room temperature colloidal deposition (RT/ 70) 
and the cold colloidal deposition techniques (10/70) were dispersed in acetone to make 
a dilute ink (Mamlouk 2008). An amount of ink corresponding to 0.196 mg Pt (1 mg 
cm−2) was deposited onto the glassy carbon electrode using a micropipette. The 
electrode was then dried in an oven at 70°C and allowed to cool to room temperature.  
 
Cyclic voltammograms were obtained using scan rates of 20, 50, and 100 mV s−1. 
Voltammograms were obtained using relatively low scan rates to reduce the impedance 
loss in the electrode (Ticianelli et al. 1988). 
5.2.3. ESA Results 
The ESA is the ratio of the total charge needed to form (or remove) a hydrogen 
monolayer on the catalyst surface, to the H2 adsorption charge on a clean platinum 
electrode (210 µC cm−2Pt) (Wu et al. 2008). This is given by: 
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where QH is given by: 
∫ ⋅= tH dtIQ             Equation 5-6 
and t is the time from when the hydrogen deposition starts to the time when the 
monolayer is complete and I is the charging current of hydrogen adsorption minus the 
double layer current. Both the adsorption and desorption charges were determined, and 
the average was used to determine the ESA.  
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Figure 5.2 Cyclic voltammogram of catalysts made using the method 3 RT/70 deposition technique with a 
scan rate of 20 mV s−1 in 1M H2SO4 at 25°C with 1 mg cm
−2Pt loading each. Potentials shown are versus SHE. 
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Figure 5.3 Cyclic voltammogram of catalysts made using the method 3 (10/70) deposition technique with a 
scan rate of 20 mV s−1 in 1M H2SO4 at 25°C with 1 mg cm
−2 Pt loading each. Potentials shown are versus SHE. 
 
Catalyst 
Loading
1
 
(wt%) 
ESA       
(m
2
 g
−1
Pt) 
SA
2
      
(m
2
 g
−1
Pt) 
Utilization
3
 
(%) 
C-Celatom 20.11 10.72 - - 
CMK-3 26.58 13.57 118 11.5 
Method 3 
(RT/70) 
Vulcan XC-72 15.08 11.11 134 8.3 
C-Celatom 19.45 20.51 118* 17.4 
CMK-3 19.67 22.45 91 24.7 
Method 3 
(10/70) 
Vulcan XC-72 17.21 33.38 133 25.1 
Commercial Vulcan XC-72 60 40.57 79 51.4 
Table 5.1 Electrochemical surface area calculated from CV and utilization based on surface areas from TEM. 
1Platinum loadings as determined by ICP-OES in chapter 4. 2Surface area estimated from XRD. 3Utilization 
determined as the ESA divided by the SA. 
5.2.4. Summary 
The results of the ESA analysis are summarized in Table 5.1 above. These ESA results 
were compared to the surface areas calculated from TEM and XRD.  
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Based on these results, the differences in performance between platinum deposition 
techniques is apparent. Despite the similar particle sizes, the catalysts fabricated using 
the method 3 (10/70) exhibit significantly higher ESA than the RT/70 catalysts. Also, 
the 10/70 catalysts utilize a greater percentage of their available surface areas, though 
they are still much lower than the commercial material. Following this test, the method 
3 (10/70) deposition technique was chosen as the optimum technique, and no further 
tests were performed using the other experimental deposition techniques.  
 
As seen in the table, there is a significant discrepancy between the total and active 
surface areas for all of the catalysts tested, especially using the M3 RT/70 catalysts. 
Possible factors include inhibited access of the electrolyte to the catalyst surface due to 
pore lockage from particle agglomeration, which was visible in the SEM micrographs 
in the previous chapter.  
 
Another factor is the relative thickness of the material on the electrode. Thicker layers 
inhibit permeation of the electrolyte and exacerbate the effects of pore blockage. The 
thick layer, combined with particle agglomeration, may be why the utilization of the 
Vulcan XC-72 M3 RT/70 was particularly low. The commercial Vulcan XC-72, due to 
its much higher loading, requires a much thinner layer of catalyst on the electrode, 
reducing any permeation issues or pore blockage effects; the lack of agglomerates 
present in the SEM would also help to reduce these effects.  
 
The calculation of the total catalyst surface area could also contribute to the low 
utilization values. The method of calculation was based on the assumption of a 
homogenous distribution of spherical catalyst particles, with accurate average diameter. 
Any significant agglomeration, differently shaped particles or wide particle size 
distribution can have a considerable effect on the surface area calculation, and on the 
utilization results. 
 
Despite the relatively low utilization ratios, the results for the commercial 60% Pt on 
Vulcan XC-72 agree with results found in the literature (Mamlouk and Scott 2011). 
Common utilization ratios for the commercial Pt/C are roughly between 40-50%, 
which, though the synthesized catalyst results are much lower, does lend credence to 
the results. 
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5.3. LI*EAR SWEEP VOLTAMMETRY (LSV) A*D OXYGE* 
REDUCTIO* 
As stated at the beginning of this chapter, one of the greatest limits of PEMFC 
performance is the slow kinetics of the oxygen reduction reaction. ESA is useful for 
calculating how much of the catalyst surface area is active, but is not useful for 
determining the rate of the electrochemical reaction or the activation overpotential. 
LSV is a useful technique for examining fuel crossover and catalytic activity.  
 
The most important parameters that influence the fuel cell current are the exchange 
current density (i0) and the Tafel slope (b). The exchange current density reflects the 
rate of the rate-determining step of an electrochemical reaction at equilibrium, and is 
dependent on the reagent concentration and temperature of the reaction (Soderberg et 
al. 2006). This quantity is larger for faster reactions. The Tafel slope is an indication of 
the dependence of the cell current on the overpotential of an electrochemical process. 
The Tafel slope is discussed further in the following sections. 
 
The governing equations for electrochemical reaction rates have been described in 
Section 2.4.3. The Butler-Volmer equation in particular is useful in determining the 
kinetics of activation-controlled electrochemical reactions, such as the oxygen 
reduction reaction at the fuel cell cathode (Zhang 2008). Linear sweep voltammetry is 
used, along with the Butler-Volmer equation, to determine oxygen reduction kinetics in 
fuel cells.  
5.3.1. Experimental 
In order to examine the ORR kinetics at each catalyst surface more clearly, the 
potential was swept from 1.0V to 0.0V versus SHE in air-saturated 1M H2SO4. Each 
Pt/C catalyst exhibits a single oxygen reduction peak in this region, which can be used 
to examine the ORR kinetics directly. 
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Figure 5.4 Linear sweep voltammogram of Pt/C M3C in air-saturated 1M H2SO4 at 25°C. Potentials shown 
are versus SHE. 
5.3.2. Linear Sweep Voltammetry Results 
Figure 5.4 shows the oxygen reduction peaks that occur in the range of 0.3-0.5V. The 
onset potential of the oxygen reduction peak, indicated by the inflection point in the 
LSV curve, indicates the start of formation of the platinum oxide monolayer. This 
potential, the specific catalyst activity and mass activity of the catalyst were calculated 
and are shown in the Table 5.2.   
 
Substrate 
onset V 
(mV vs. SHE) 
Peak 
Magnitude 
(µA cm
−2
) 
Qc (mC) 
C-Celatom 662 -118.1 0.324 
CMK-3 568 -192.2 0.136 
Vulcan XC-72 592 -138.6 0.233 
Table 5.2 Onset potential of oxygen reduction, magnitude and area under the ORR peak for Pt/C M3C 
catalysts, calculated from Figure 5.4. 
The area under the ORR peak (QC) is the total charge transfer from oxygen reduction 
onto the platinum surface. The area was found by integrating from the shoulders of the 
ORR peaks in each curve, as shown in Figure 5.5. The total oxygen reduction charge 
was the largest for Pt/C-Celatom, which indicates that, despite having the lowest ESA it 
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shows the greatest activity towards the ORR. This may be due to either to pore 
characteristics or specific activity of the catalyst.  
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Figure 5.5 LSV curve for Pt/Vulcan XC-72 M3C, showing the peak and the integrated area. Potentials are 
shown vs SHE. 
The onset of the oxygen reduction peak can be used as a general indication of catalytic 
activity; catalysts that are more active have earlier (higher) onset potentials (Peuckert et 
al. 1986; Chen et al. 2010). Differences in the onset potential are caused by differences 
in surface activation between materials; this is related to both particle size and 
distribution.  
 
Pt/C-Celatom exhibits very good performance in the high potential range of the curve. 
The Pt/C-Celatom has the highest onset potential of the tested Pt/C which, in addition 
to the early ORR peak, shows that the C-Celatom exhibits the best ORR activity in the 
mixed kinetic-diffusion (low current density, > 0.5 V) region (Rao and Viswanathan 
2010).  
 
The rate of dissolved oxygen diffusion to the platinum surface due to the varied pore 
size of the catalyst substrates may also contribute to the staggered peaks. The higher 
performance of the Pt/C-Celatom relative to the other tested materials, in the mixed 
control region and the diffusion region (V < 0.125 V), can be attributed to the larger 
pore size, which facilitates reagent migration to the reaction sites. Using the single pore 
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model for a migration-controlled system, the current generated in an individual pore is 
given by: 
AAr
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4 2 
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= κπ            Equation 5-7 
where r is the pore radius, L is the pore length, κ is the ionic conductivity of the pore, 
limited by the conductivity of the electrolyte in the pore, and A is given by: 
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where i0 is the exchange current density and η0 is the overpotential at the pore outer 
surface (Banham et al. 2009).  
 
Kimijima et al. (2010) compared the electrochemical activity of the ORR for Vulcan 
XC-72, a mesoporous carbon aerogel (average pore dia. 7nm) and a meso/macroporous 
aerogel (average pore dia. 30nm). They found that the performance depends on the pore 
size and volume in the mesopore range. The kinetic specific activity of the mesoporous 
CAG was higher than both the meso/macroporous CAG and micro/mesoporous Vulcan 
XC-72, which agrees with the peak magnitude activity results, shown in Table 5.2 
(Kimijima et al. 2010).  
5.3.2.1. Specific Activity and Mass Activity 
The activity calculations are shown in Table 5.3. The specific electrochemical activity 
(SEA) is the current produced per square centimeter of platinum exposed in the sample, 
and the mass activity (MA) is the current generated per gram of platinum in the sample. 
The current used in the calculations was at high potential, in the mixed diffusion-
kinetic region of the graph. This way, the performance can more easily be compared, 
before the ORR peaks are fully resolved.  
 
The specific surface activity was determined by dividing the current by the surface 
areas obtained from XRD, shown in Table 5.1, multiplied by the weight of the sample. 
The mass activity was determined by dividing the current by the platinum loading from 
ICP-OES (Table 5.1).  
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SEA 
(µA cm
−2
 Pt) 
MA 
(mA g
−1
 Pt) 
Pt/ C-Celatom 16.42 9.98 
Pt/ CMK-3 17.10 8.11 
Pt/ Vulcan XC-72 11.44 8.82 
Table 5.3 Electrochemical properties for ORR kinetics specific electrochemical activity (SEA) and mass 
activity (MA) at 0.9V, calculated from Figure 5.4. 
The Pt/CMK-3 shows the highest specific electrochemical surface area of the 
synthesized catalysts, though it also has the lowest mass activity. This means that the 
Pt/CMK-3 gets the highest performance per unit surface area, and its active area is 
utilized to a higher degree than the other substrates. Pt/C-Celatom exhibits the highest 
mass activity; this means that a greater total amount of platinum in the Pt/C-Celatom is 
being utilized, which is ideal, as one major goal of fuel cell research is to decrease the 
total amount of platinum necessary for catalysis (Haile 2003).   
 
The relative platinum particle size could also explain the higher performance for the 
Pt/CMK-3, though there is some debate as to the exact nature of the particle size effect. 
Maillard et al. (2002) examined the particle size effects on the electrochemical behavior 
of synthesized catalysts. They found that, for platinum particles below 5 nm, a 
maximum in the specific electrochemical area was obtained for particles around 3-4 
nm, and a maximum in the mass activity was obtained for particles of found around 3 
nm (Maillard et al. 2002). Perez et al. (1998) found that, for particles below 4 nm, the 
specific activity increased with particle size though the mass activity followed the 
opposite trend (Perez et al. 1998). There has been some debate as to the exact nature of 
the particle size effect (Kinoshita 1990; Perez et al. 1998; Nores-Pondal et al. 2009), 
and it seems that the testing method strongly affects the results. In this study, the results 
summarized in Table 5.3 seem to agree best with those of Perez et al (1998).  
5.3.2.2. Tafel Slope and Exchange Current Density Analysis 
A Tafel plot is made by taking the logarithm of the Butler-Volmer equation, and 
plotting log (i) vs. η, which allows the exchange current density to be determined from 
the y-intercept of the graph. The slope of the graph is given by: 
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F
RT
b
Cα
303.2
=     Equation 5-9 
Where R is the ideal gas constant, T is the temperature, F is Faraday’s number, and αc 
is the transfer coefficient of the cathodic ORR and describes the fraction of the 
potential energy that is transferred to the reaction (Soderberg et al. 2006).  
 
The transfer coefficient can be calculated for a specific reaction mechanism using a 
quasi-equilibrium approximation: 
β
υ
γ
α rC +=     Equation 5-10 
Where γ and r are the number of electrons passed preceding and during the rate-
determining step, respectively, υ is the number of occurrences of the rate-determining 
step for one full reaction, and β is a symmetry factor. β is used to describe the 
symmetry of the activation barrier for the reaction, represents the fraction of an applied 
potential that affects the activation energy, and thus the electrochemical reaction. 
Generally, for simple single-electron reactions, the activation barrier is symmetrical, 
and is close to 0.5 (Banham et al. 2009). 
 
Multiple Tafel slopes may be found for the ORR on Pt in dilute acid (Perry et al. 1988; 
Schmidt et al. 1998). The first, 60 mV dec−1, is obtained at low overpotential (α = 1) 
while the second, 120 mV dec−1, is found at high overpotential (α = 0.5). One 
explanation for the existence of two Tafel slopes is based on the electrode coverage of 
intermediate oxygenated species (Oads, OHads, O2Hads) in quasi-equilibrium on the 
electrode surface (Perry et al. 1988). The Tafel slope is 60mV dec−1 for low 
overpotential and high electrode coverage, when the surface concentration varies with 
the Temkin isotherm. At high overpotential and low electrode cover, the surface 
concentration varies with the Langmuir isotherm (Meng and Shen 2005; Soderberg et 
al. 2006).  
 
The exchange current density represents the inherent rate of the electrochemical 
reaction, and is one of the most useful quantities for evaluation of an electrochemical 
system. When the exchange current density is high, it indicates that the electrode 
surface is active, and that the current is more likely to flow in a particular direction 
(Larminie and Dicks 2003). The exchange current density is a strong indicator of the 
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speed of the electrochemical reaction, and is usually determined by fitting experimental 
data to the Butler-Volmer equation (Equation 2-6) (Co et al. 2005).  
 
The Tafel slopes and exchange current densities were calculated for each of the 
synthesized catalysts using the Autolab General Purpose Electrochemical System 
(GPES) program to fit the plot of log (i) vs. η obtained from LSV data to the Butler-
Volmer equation, using the analysis method described by Soderberg et al. (2006). The 
Tafel slope and exchange current density results obtained are shown in Table 5.4. 
 
The Tafel slope for the commercial 60% Pt/Vulcan XC-72 was 64mV dec−1 in the low 
overpotential region, and 109mV dec−1, which agrees well with results in the literature 
(Schmidt et al. 1998; Girishkumar et al. 2004).  
 
 
b1 
(mV dec
−1
) 
b2 
(mVdec
−1
) 
i0  
(A m
−2
) 
Pt/ C-Celatom 71 144 3.62E-03 
Pt/ CMK-3 69 130 6.64E-03 
Pt/ Vulcan XC-72 71 156 1.77E-03 
Commercial 64 109 1.54E-02 
Table 5.4 Calculated Tafel slopes, transfer coefficients, and exchange current densities for experimental and 
commercial catalyst materials 
Banham et al. (2009) examined the effect of pore length, catalyst layer conductivity and 
pore diameter on the activity of the ORR by Tafel slope analysis. They found that 
increasing the pore length, due to an increase of the thickness of the catalyst layer, 
precipitated a rise in the ORR Tafel slope, as did decreasing the pore width. They also 
found that increased platinum content of the catalyst layer, though it enhances the layer 
activity, causes a rise in the Tafel slope (from 62 ± 3 mV dec−1 at 5 wt% to 
97 ± 3mV dec−1 at 40 wt%) (Banham et al. 2009).  
 
This shows that the pore characteristics and catalyst layer thickness have a significant 
effect on the ORR kinetics. At low over-voltages, there are only slight differences in 
the Tafel slope for the synthesized catalysts. At high over-voltages, however, the 
differences in performance are more drastic. Pt/CMK-3 exhibits the lowest Tafel slope 
of the synthesized materials, indicative of the highest activity, which is likely due to its 
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pore characteristics. This is confirmed by the high exchange current density relative to 
the other synthesized catalysts. 
 
Pt/Vulcan XC-72 has the highest Tafel slope and the lowest exchange current density, 
most likely due to its high micropore volume, which inhibits transport, and tortuosity, 
which increases the pore length. These facts, along with its lower platinum loading, 
which necessitates a thicker layer on the electrode, explain the poor relative 
performance. Conversely, Pt/C-Celatom has larger pores, but is more tortuous than 
Pt/CMK-3 and has a lower mesopore volume, which is important for electrochemical 
activity (Kimijima et al. 2010). 
5.3.3. Summary 
In this section, the ORR activity of the experimental catalysts was discussed. The 
activity was compared using various measures of activity, including the onset potential, 
the Tafel slope and the exchange current density.  
 
Using the cathodic linear potential sweep, the Pt/C-Celatom demonstrated the greatest 
activity towards oxygen reduction, with the highest onset potential and total charge 
transfer from oxygen reduction onto the catalyst surface, QC. It is likely that the large 
pores of the C-Celatom structure allow for faster reagent transport through the 
electrolyte, which enhances the performance.  
 
The specific and mass activities are used to normalize the kinetic performance by 
catalyst surface area and mass, respectively. These parameters can be use as a measure 
of how well the total amount of catalyst in a sample is being used. Pt/CMK-3 exhibits 
both the highest specific electrochemical activity and the lowest mass activity of the 
tested materials. This is most likely due to its larger catalyst particle size, its large 
mesopores volume, or some combination thereof (Joo et al. 2001; Kimijima et al. 
2010). The poor activity of Pt/ Vulcan XC-72 is most likely due to its poor diffusive 
properties, which limits the amount of reagent available for reaction. 
 
Finally, the ORR Tafel slope was determine from the cathodic sweep data, by plotting 
log(i) vs. η. The Tafel slope is a measure of the rate of increase in the overpotential 
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with increasing current density. At low overpotential, the Tafel slopes are very similar, 
and are analogous to values commonly found in the literature (Banham et al. 2009). At 
high potential, the Pt/CMK-3 demonstrates higher charge transfer activity, based on its 
low Tafel slope, while Pt/Vulcan XC-72 exhibits low activity. The low relative 
performance of Pt/Vulcan XC-72 M3 10/70 to the commercial material can be 
attributed to the non-ideal platinum deposition, with large particles remaining in the 
bulk blocking pores and reducing utilization, and the lower loading which increases 
resistance. 
5.4. CO*CLUSIO*S 
In this chapter, the electrochemical characterization of the materials fabricated for this 
research, as described in the previous chapter, was outlined and discussed. 
 
Based on the results presented in this chapter, a platinum deposition technique was 
chosen as the standard for fuel cell testing. The M3 RT/70 (room temperature colloidal 
platinum deposition) technique was concluded to be insufficient for fuel cell catalysis 
as it produced poor catalyst materials, in terms of both ESA and catalyst utilization. 
The M3 10/70 (cold colloidal platinum deposition) technique was chosen for further 
experimental testing as it produced viable electrocatalyst materials, based on the high 
active surface areas and utilization ratios. ESA analysis by CV showed that the 
Pt/Vulcan XC-72 exhibited the highest electrochemical surface area and utilization 
ratio showing that, while there was some loss of performance due to the platinum 
deposition, the catalyst produced using the commercial substrate is still viable for fuel 
cell use. 
 
Catalytic activity was tested using LSV. The two synthesized catalyst materials, C-
Celatom and CMK-3, show good performance towards oxygen reduction compared to 
the standard substrate, Vulcan XC-72. Pt/C-Celatom demonstrated the highest activity 
towards the ORR than either of the other tested materials. It showed the earliest onset 
peak, which means that it is more active towards the ORR at higher potentials than 
either CMK-3 or Vulcan XC-72. It also had the largest ORR charge transfer, which 
indicates a greater number of active sites available for the reaction. Based on this result, 
C-Celatom is the most viable candidate for fuel cell cathode use. 
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The specific electrochemical and mass activities were used to compare materials based 
on their platinum surface area and content. The Pt/CMK-3 demonstrated the highest 
specific surface area, which means that it gets more performance out of its active sites 
than other catalysts. However, the C-Celatom demonstrated the highest mass activity, 
which is a necessity for commercial fuel cell catalysts. 
 
The results outlined in this chapter highlight the reliance of electrochemical 
performance on substrate morphology. Even though each structure has clear 
performance advantages over the others in some way, the interrelated processes that 
occur in the fuel cell make cell performance difficult to predict. It seems that the 
materials characterized and described in this chapter are viable alternative substrate 
materials, but the best test of fuel cell performance is in situ operation. The fabrication 
of MEAs and the details of fuel cell testing will be discussed next, in Chapter 6. 
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CHAPTER 6. FUEL CELL EVALUATIO* OF CARBO* 
CATALYST SUBSTRATES 
 
 
In this chapter, the experimental procedures for in situ fuel cell evaluation will be 
discussed. First, the membrane electrode assembly fabrication procedure will be 
outlined, followed by a description of the fuel cell test system. Next, an optimization of 
the fuel cell operating procedures, evaluated using an MEA fabricated with commercial 
materials, will be presented. 
 
Electrochemical impedance spectroscopy (EIS) was performed on the experimental 
MEAs in order to determine the differences in charge-transfer resistance of each 
material. Fuel cell results were obtained for 17.14 wt% Pt/C-Celatom M3 10/70, 17.21 
wt% Pt/Vulcan XC-72 M3 10/70 and 19.67 wt% Pt/CMK-3 M3 10/70 at temperatures 
from 40-90°C, using four different concentrations of methanol. Finally, these fuel cell 
results were fit to a model, which takes into account the effect of methanol crossover 
on fuel cell performance.  
6.1. FUEL CELL EXPERIME*TAL SYSTEM 
As mentioned in Chapter 2, the membrane electrode assembly (MEA) consists of a 
polymer electrolyte membrane sandwiched by two gas-diffusion layers (GDL) and 
catalyst layers.  Other materials were ketjenblack (EC-300J, Azko Nobel) carbon black 
for the microporous layer, Toray carbon paper (20% wet-proofed TGPH-090, Fuel Cell 
Store) for the gas-diffusion layer.  
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6.1.1. MEA Fabrication 
There are a number of techniques used to produce MEAs for fuel cell experimentation. 
The MEAs in this research were fabricated using a spray coating method, whereby the 
microporous layer (MPL) and catalyst layer are applied using an airbrush to form a 
uniform thin layer of a prepared ink suspension onto the carbon paper support. 
Membrane electrode assemblies were made in-house using a laboratory standard 
procedure (Graniel-Garcia 2008), using spraying and hot-pressing techniques similar to 
those used by other groups (Tang et al. 2007; Cho et al. 2008; Prasanna et al. 2008). 
Catalyst layers were fabricated using carbon-supported platinum or platinum-ruthenium 
alloy catalyst (60 wt% Pt:Ru on Vulcan XC-72 for anodes and 60 wt% Pt for standard 
cathodes, Ion Power).  
 
The MEA fabrication procedure can be divided into four different steps: membrane 
conditioning, preparation and spraying of the GDL ink, preparation and spraying of the 
catalyst ink, and hot-pressing of the MEA. 
6.1.2. Gas-Diffusion Ink and Spraying 
The gas diffusion layer consists of two distinct layers, a carbon paper and an MPL. The 
substrate was a Toray carbon paper, cut to the size of the active area of two electrodes, 
in this case 9x4.5 cm (40.5cm2 area). The MPL was made from a mixture of 
ketjenblack microporous carbon and polytetrafluoroethylene (PTFE) (60 wt% 
dispersion in water, Aldrich). The PTFE serves as binding for the layer, and also 
provides hydrophobocity for the GDL. 
 
The MPL ink was made prepared by first dispersing the desired amount of PTFE into 
2.5mL of isopropanol (IPA) and sonicating the mixture for 10 minutes. Then, the 
carbon black was added to the mixture, along with another 2.5mL of IPA, and 
sonicated for a further 30 minutes. The mixture was slowly diluted in order to form a 
homogenous mixture by adding IPA, first in 1mL increments until the total volume was 
10mL, sonicating for 20 minutes after each addition. The additions were increased to 
2mL until the total volume was 30mL, 3mL until a total volume of 45mL, and 5mL 
until a volume of 60mL. The final ink had a final solids weight of 18.5% PTFE. 
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The raw Toray paper was weighed and then taped to a surface heated to 60°C; this 
temperature was maintained throughout the spray-coating process in order to facilitate 
the evaporation of IPA. The carbon paper was sprayed with 6mL of IPA using an 
airbrush (Badger, model LGF 100), pressurized to 2bar with nitrogen, to clean the 
carbon surface and to promote diffusion of the MPL ink into its pores. A 1mgCB cm
−2 
layer was applied to the substrate by spraying the ink in 3-4mL increments, drying the 
GDL in a 100°C oven for 10 minutes between additions. The GDL was weighed and 
the desired amount of ink was calculated after each addition, to prevent over spraying 
of the electrode. Finally, the GDL was sintered at 360°C for 1 hour to form a cohesive 
layer and to remove any remaining IPA. 
6.1.3. Catalyst Ink and Spraying 
Catalyst inks were formed using a mixture of Pt/C catalyst powders with electrolyte 
solution. Catalyst powders were weighed to provide 20.25mgPt per electrode (for 1mgPt 
cm−2 loading of the CL); the final necessary weight of Pt/C was determined by the 
platinum loading.  
 
The amount of Nafion solution in the catalyst layer was calculated for 15 wt% of the 
final CL composition. Dilute Nafion solution (5wt% dispersion, Aldrich) was weighed 
in a jar, mixed with 15mL of acetone, and sonicated for 10 minutes. The catalyst 
powder was weighed and added to the solution while sonicating. The addition was done 
slowly to prevent agglomeration or burning of the catalyst. The ink was sonicated for 1 
hour.  
 
The previously prepared and sintered GDLs were cut into individual 4.5x4.5cm 
(20.25 cm2) electrodes, so that the catalyst ink loading and dispersion could be more 
finely controlled. The electrodes were taped down, but additional heat was not 
necessary due to the greater volatility of acetone than IPA. The catalyst ink was 
sprayed at 1bar to prevent removal of the applied catalyst, which occurs at higher brush 
pressures. The catalyst ink was applied in 2-3mL increments and dried at 100°C for 10 
minutes. Again, the desired ink volume was calculated using the weight of previous 
layers, to prevent over spraying.  
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A final layer of Nafion solution was sprayed onto the electrodes before they were 
pressed into a pre-treated Nafion membrane. The Nafion was calculated for an ionomer 
loading of 1mg/cm2. This layer was necessary to increase the bonding of the electrodes 
to the membrane surface and prevent delamination of the electrodes.  
6.1.4. Membrane Conditioning  
The polymer electrolyte membrane has to undergo pretreatment prior to use in the fuel 
cell environment (Du et al. 2007). The Nafion® (117, DuPont) membrane was cut to 
6x6cm and boiled in deionized (DI) water for 10 minutes to hydrate. Then, the hydrated 
membrane was heated in 5% H2O2 at 80°C for 30 minutes to remove organic impurities 
and then thoroughly rinsed in DI water. Subsequently, the membrane was boiled in 1M 
H2SO4 for 30 minutes to ensure that the Nafion is in its acid form. Finally, the 
membrane was soaked in DI water 3 times, for 10 minutes at a time. Pretreated 
membranes were stored in DI water until they were used for MEAs.  
6.1.5. Hot-Pressing Procedure 
The final step of MEA fabrication is hot-pressing. The membrane was heated under 
pressure to adhere the electrodes and membranes together, to reduce contact resistance 
in the MEA. The conditioned membrane was gently dried with filter paper, and then 
assembled to make an anode-membrane-cathode assembly between two steel plates. 
The steel plates were wrapped with PTFE tape to immobilize and then covered with 
foil. The MEA was pressed at 135°C for 3 minutes and then allowed to cool for 30 
minutes, maintaining 3bars of pressure throughout.  
 
The prepared MEAs were placed inside of the fuel cell assembly along with sealing 
gaskets, and DI was passed through the fuel cell for 18-24 hours to hydrate the 
membrane.  
6.1.6. Fuel Cell Test Rig 
The DMFC consists of two stainless steel endplates, each connected to a PTFE 
insulating blocks, with heating plates attached. Inside of these are two graphite flow 
fields with machined inlets and outlets connected to PTFE Swagelok® fittings. These 
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graphite blocks have a parallel flow field design that covers a 4.5x4.5cm area, and also 
serve as current collectors for the FC reaction. The MEA is placed between the graphite 
flow fields, along with two gaskets to prevent leaking or shorting of the cell. A torque 
of 0.75Nm was applied to the DMFC bolts.  
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Figure 6.1 Front view of the DMFC, showing the individual cell components 
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Figure 6.2 Top view of the DMFC, showing the individual cell components 
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The DMFC control system consisted of a power supply, temperature controller, air 
flow controller, a peristaltic pump, resistor, ammeter and voltmeter. Dry air from a 
compressed gas cylinder was fed into the top of the cathode, while reacted air and 
product water were released at the bottom after passing through the cell. Room 
temperature methanol solution was fed into the bottom of the cathode using a peristaltic 
pump. Excess methanol, along with product water and carbon dioxide, were recycled 
from the top of the cathode into the methanol reservoir, which was open to allow the 
CO2 to vent to the atmosphere. The temperature of the graphite flow plates were 
controlled by heating pads in the fuel cell assembly, using an external temperature 
controller. A schematic of the fuel cell control system is shown in Figure 6.3. 
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Figure 6.3 Schematic of the DMFC control system and test rig 
The fuel cell voltage was controlled using a power supply in series with a 1Ω resistor. All 
of the electrical components were connected to the graphite flow fields. Polarization tests 
were run by applying a current to the fuel cell and measuring the voltage response. The 
cell voltage was manually obtained from a voltmeter. Polarization curves were obtained 
by plotting the cell voltage against the applied current density.  
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6.2. STA*DARD RESULTS A*D OPTIMIZATIO* 
Fuel cell results were first obtained with commercial 60% Pt and Pt:Ru/ Vulcan XC-72 
catalysts, using the fabrication techniques outlined in Section 6.1.1. Catalyst loadings 
of 1mgPt cm
−2 were applied to each electrode. After soaking the fuel cell overnight, the 
MEA was conditioned by running polarization curves at 70°C until identical runs were 
obtained; this usually required 5-7 runs.  
6.2.1. Effect of Reagent Flow Rate 
Following conditioning, the reagent flow rates were optimized for subsequent fuel cell 
testing. Polarization and power density curves were obtained at a constant temperature 
of 70°C. Data was obtained for air flow rates of 0.5, 1, 1.5 and 2 L min−1, and for 
methanol flow rates of 1, 3, 5, 7, 9 and 11 mL min−1. The results were compared based 
on cell voltages obtained at different current densities.  
 
Figure 6.4 shows the optimization data for the various air flow rates. The cell voltages 
are highest at 1L min−1 of air at both open circuit and at 15mA cm−2, which means that 
the overvoltage is the lowest for this flow rate. At higher current densities, the 
performance increased with increased air flow, though the increases are small above 1L 
min−1. This result agrees with those of Ye et al., who found that the cell voltage 
increased with the flow rate, but there is a threshold above which increases in 
performance are negligible (Ye et al. 2005).  
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Figure 6.4 Performance comparison for different air flow rates at specific current densities 
The peak power densities are also shown in the figure. There was a marked increase in 
peak power density when the flow rate was increased from 0.5 to 1L min−1. Above this 
flow rate, there is only a small increase in performance, 0.8mW cm−2 from 1L min−1 to 
2L min−1. The stable performance above 1L min−1 implies that the catalyst utilization at 
the cathode does not increase at higher flow rates, and the air flow does not limit the 
performance (Yan et al. 2006).  
 
Ultimately, 1L min−1 was chosen to be the standard air flow rate for DMFC testing, so 
that the polarization and power output are maximized, while the reagent waste is 
minimized.  
 
Figure 6.5 below shows the optimization data for the methanol flow rate. Comparing 
Figures 6.4 and 6.5, one can see that the methanol flow rate has a larger effect on cell 
performance than the air flow rate. At low current density (OCV and 15mA cm−2), the 
cell voltage generally decreases with increasing fuel flow, with the largest drop 
occurring above 5mL min−1. This is probably due to the effects of methanol crossover, 
which increases at higher flow rates (Seo and Lee 2010). So at low current densities, 
lower methanol flows are favored.  
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Figure 6.5 Performance comparison for different air flow rates at specific current densities 
At the higher current densities tested (100 and 150mA cm−2), the cell voltage tends to 
increase with the methanol flow rate, though the increase is slight at 100mA cm−2. The 
increased performance can be attributed to the greater MOR activity at higher flow rates. 
The trends of the cell voltage and peak power density results imply that the performance 
is methanol flow limited in this range.  
 
The disparity between the low and high current density performance trends mean that 
there is a trade off that has to be considered. A methanol flow rate of 5mL min−1 was 
used in this research, in order to minimize methanol crossover while still obtaining a 
reasonable power output. 
6.2.2. Effect of Cell Temperature 
The temperature dependence of the fuel cell performance was also examined. 
Polarization and power density curves were obtained at temperatures from 40-90°C, at 
10°C intervals. The temperature sweep results are shown in Figure 6.6 below. 
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Figure 6.6 DMFC Polarization curves at temperatures 40-90°C, with 1M methanol feed at 5mL min−1 and 1L 
min−1 air feed 
These results exhibit a clear increase in performance with cell temperature. 
Concurrently, the electrode kinetics and limiting current densities increase with 
temperature and concentration, respectively. As a result, both the polarization and 
power density curves increase with cell temperature, along with the zero-voltage 
current density and the maximum power density. This behavior is expected due to the 
increase of both the methanol oxidation kinetics and the oxygen reduction kinetics, 
which are both strongly dependent on temperature (Ravikumar and Shukla 1996; Scott 
et al. 1999; Ge and Liu 2005; Song et al. 2005). The maximum power density, obtained 
at 90°C, was 43 mWcm−2. 
6.2.3. Effect of Methanol Concentration 
Polarization and power density curves were obtained for methanol concentrations of 
0.5, 1, 2 and 4M. Two graphs have been included, one for a 80°C cell, and the other for 
90°C, in order to more easily understand all of the mechanisms that occur in the fuel 
cell. First, at 80°C, the expected behavior is shown up to 2M feed; with higher feed 
concentration, the limiting current density and maximum power density increase; this is 
due to a decrease in the effects of mass transport at higher concentration (Ravikumar 
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and Shukla 1996). The maximum power density obtained at this temperature was 
45 mWcm−2 with 2M feed. 
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Figure 6.7 DMFC Polarization and power density curves using standard MEA for methanol concentrations of 
0.5, 1, 2, and 4M at 80°C, with 5mL min−1 methanol feed and 1L min−1 air feed.  
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Figure 6.8 DMFC Polarization and power density curves using standard MEA for methanol concentrations of 
0.5, 1, 2, and 4M at 90°C, with 5mL min−1 methanol feed and 1L min−1 air feed. 
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At low current densities (< 90mA cm−2), the output voltages are higher for lower 
methanol feed concentration. This is most likely to do with fuel crossover. Even at low 
current densities, the permeation rate of methanol increases with concentration. The 
methanol permeation into the membrane increases with both cell temperature and 
concentration (Ravikumar and Shukla 1996; Dohle et al. 2000). The relatively high 
performance at low molarity is due to the lower concentration of fuel at the cathode, 
which means less cross-potential that reduces the cell performance. This also causes the 
differences in the open circuit voltage.  
 
At higher current densities, the mass transport overpotential dominates as the lower 
molarity feeds are quickly consumed, which causes the sharp drop in cell voltage 
evident in the graph. For more concentrated feed, as there is more methanol available to 
react at the anode at higher current densities, resulting in a higher limiting current 
density, evident by the zero-voltage current density in the figure. The increase in mass 
transport of fuel to the catalyst sites can be seen in by the high power density 
performance at 2M fuel feed. At 4M, however, the amount of methanol that crosses 
through the membrane creates enough cross potential to limit the cell performance 
considerably.  
 
When the temperature is increased, the mass transport effects become less noticeable, 
and the effects of methanol crossover become more apparent. The disparity between the 
open circuit voltage values is even greater. At 90°C, the kinetic and ohmic 
performances with 2M are noticeably lower than at 80°C. This is most likely due to the 
increased methanol crossover at elevated temperature. Despite this decrease in 
performance, the limiting current density is still higher for the 2M feed, which is to be 
expected, since there is more methanol available for the MOR (Ravikumar and Shukla 
1996; Mauritz and Moore 2004; Ge and Liu 2005). As expected, an increase of 
temperature decreases the 4M performance even more, as the effects of methanol 
crossover are exacerbated. This causes a decrease in the 4M peak power density of 
24mW cm−2. 
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6.2.4. Reproducibility of MEA 
The fuel cell results shown thus far represent the results of a single standard MEA. The 
reproducibility of a standard is vital, as non-reproducible results cannot be used as a 
basis for comparison with experimental results. The reproducibility test was performed 
to determine if the in-house MEA fabrication technique outlined in section 6.1 can be 
used to achieve consistent performance. 
 
The reproducibility was determined by the cell polarization results at 70°C, with 
1 mg cm−2 of commercial 60% Pt/Vulcan XC-72 on the cathode and 60% Pt:Ru/Vulcan 
XC-72 on the anode. The MEAs were tested under identical operating conditions, with 
flow rates of 5 mL min−1 methanol and 1 L min−1 of air. Figure 6.9 shows the fuel cell 
polarization curves of the standard MEAs.  
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Figure 6.9 Reproducibility result for the standard MEA at a cell temperature of 70°C 
The close agreement between the two standard MEA polarization curves, particularly 
in the activation and ohmic polarization regions, can clearly be seen in the figure. The 
differences in performance arise primarily in the concentration overpotential region. 
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The GDL and catalyst morphology is not perfectly uniform, and the flow path of the 
reagents can change depending on the operating conditions. Bubbles of CO2, produced 
in greater quantity at high current densities, can have significant effect on the cell 
polarization (Ge and Liu 2005). As a result, the cell polarization will fluctuate at higher 
current densities. This would explain the close agreement between the results until the 
high load operation.  
 
The result examined in this section shows that the standard MEA polarization 
performance can be upheld by fabricating MEAs using the in-house procedure. This 
confirms the reproducibility of the standard MEA fabrication technique and results; 
thus, these results can be used as a basis for comparison with experimental fuel cell 
results.  
6.3. MEA MODELI*G A*D CHARACTERIZATIO* 
Due to the complex processes that occur in the fuel cell, the contribution to performance 
of different mechanisms can be difficult to isolate. Fuel cell modeling is a powerful tool 
that can be used to identify and quantify the processes occurring in a fuel cell; it can be 
used to explain MEA performance or even to predict performance when fuel cell 
operation would be difficult or cost-prohibitive.  
 
The catalyst substrate morphology can affect the activity, resistivity, mass transport and 
even the methanol crossover in a fuel cell. A one-dimensional model, developed by Li et 
al., partially based on the work of Kulikovsky, was used to fit these parameters to the fuel 
cell data obtained (Li et al. 2006). This simple model was chosen because it allows for 
the effect of the catalyst morphology on the fuel cell performance to be specified for each 
of the processes in the fuel cell. 
The model makes a few major assumptions: 
i. The cell temperature is constant at 90°C. 
ii. The ohmic resistance in the MEA is due solely to membrane resistance. 
iii. MOR and ORR exhibit Tafel kinetics. 
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iv. First-order reactions occur at both the anode and the cathode. 
v. The oxygen pressure at the cathode is constant. 
vi. There is a negligible rate of electro osmosis of methanol through the membrane. 
vii. Methanol concentration varies linearly within the membrane. 
viii. The methanol concentration distribution through the membrane is one-
dimensional (negligible variation along and across the fuel cell). 
ix. The methanol concentration in the cathode catalyst layer is negligible compared 
to the concentration at the anode and in the membrane. 
 
The model, described in the following section, was used to fit fuel cell data to determine 
cathodic properties for all standard and experimental MEAs.  
6.3.1. Explanation of the Model 
Generally, the output voltage of a fuel cell can be estimated according to the 
relationship shown in Equation 2.4: 
CrossoverMTactocvo VV ηηηη −−−−= Ω   Equation 6-1 
Vo and Vocv represent the output voltage and the open-circuit voltage, respectively. The 
activation overpotential (ηact) is the voltage loss due to chemical kinetics, the rate of 
reaction on the surface of the electrodes. The ohmic overpotential (ηΩ) is the voltage 
loss due to resistance to protonic conductivity of the membrane. The mass transport 
overpotential (ηMT) occurs due to the mass transfer of reagents to the catalyst layer. 
Finally, the crossover overpotential (ηcross) is due to the diffusion and electro-osmotic 
drag of methanol from the anode to the cathode. 
 
The activation overpotential is calculated assuming Tafel kinetics. Though this is not 
always the case for the MOR, most models assume this to be a reasonable first-order 
approximation for these purposes (Kulikovsky 2002; Kulikovsky 2003). The total 
anodic and cathodic activation overpotential is given by: 
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where i is the operating current density, ba and bc are the anodic and cathodic Tafel 
slopes, respectively, and i0
a and i0
c are the anodic and cathodic exchange current 
densities, respectively, and i0
a is calculated by: 
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Tref is the reference cell temperature (80°C), T is the operating cell temperature (90°C), 
R is the universal gas constant, and  i0a
ref is 94.25A cm−2 (García et al. 2004). Inserting 
these values into equation 6-3 gives an anodic exchange current density of 131.6A 
cm−2, which was used in all of the model calculations. The quantity ba is calculated 
using the Tafel equation: 
F
RT
b a
χ
=            Equation 6-4 
where F is the Faraday constant, and χ is the transfer coefficient. 
 
The mass transport overpotential is determined using the limiting current density, 
which represents the current density at which the fuel consumption is equal to the 
maximum rate of fuel supply (O'Hayre 2006). The overpotential is calculated using the 
equation: 






−−





−−=
c
l
c
a
l
a
MT
i
i
b
i
i
b 1ln1lnη       Equation 6-5 
where il
a and il
c are the anodic and cathodic limiting current densities, respectively. The 
anodic limiting current density, il
a, is calculated using the equation: 
a
b
a
a
ba
l
l
CD
Fi 6=     Equation 6-6 
where Db
a is the diffusion coefficient in the anode backing layer, Ca is the concentration 
at the anode catalyst layer (assumed to be equal to the bulk concentration), and lb
a is the 
thickness of the anode backing layer (Kulikovsky 2002). The values used in Equations 
6-3, 6-4 and 6-6 are shown in Table 6.1. 
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Property Value Reference 
T(°C) 90 - 
i0a
ref
 (A cm
−2
) 94.25 (Kulikovsky 2002) 
χ 0.695 (García et al. 2004) 
lb
a
 (m) 2.80E-04 (Toray Industries America Inc. 2010) 
Db
a
 (m
2
 s) 1.80E-09 (Li et al. 2006) 
Table 6.1 List of parameters and their values used in this model 
The crossover overpotential is the sum of the activity lost due to the fuel supplied to the 
anode that is lost before reaction, and the activity due to the reaction of the crossover 
methanol at the cathode. This is given by: 
( ) ( )crosscacross Rbb −−+= 1ln1ln µη                    Equation 6-7 
where is a dimensionless parameter that is used to determine the methanol permeability 
of the MEA, and is given by: 
a
b
a
b
D
l
L
⋅=
β
µ                                       Equation 6-8 
where β is the methanol permeability of the membrane, L is the membrane thickness, lb
a 
is the anode backing layer thickness, and Db
a is the methanol diffusivity in the anode 
backing layer. The quantity Rcross in Equation 6-8 is the resistance due to methanol 
crossover, and is given by (Kulikovsky 2003): 
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The ohmic overpotential is calculated as previously mentioned in section 2.4.4. 
σ
η
L
iiR == ΩΩ    Equation 6-10 
where RΩ is the ohmic resistance in the MEA, L is the thickness of the membrane and σ 
is its proton conductivity. The values used in Equations 6-8 and 6-10 are shown in 
Table 6.2. 
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Property Value Reference 
β 2.38E-10 (García et al. 2004) 
L 1.78E-04 (DuPont Fuel Cells 2009) 
σ 10.56 (Li et al. 2006) 
Table 6.2 List of parameters and their values used in this model 
Substituting Equations 6-2 to 6-10 into Equation 6-1, an overall equation relating the 
cell voltage and the operating current density can be found (Li et al. 2006): 
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Using the equations above, the anode properties (il
a
, i0
a, ba) were calculated, and the 
model was fit to experimental data, using the non-linear least squares method to 
determine the cathode properties (il 
c
, i0
c, bc), the effective ohmic resistance (RΩ). The 
cathodic crossover resistance, Rcross, was also calculated using these values.  
 
By comparing these values, it is possible to determine quantitatively which MEA 
performs best, and to optimize its operating conditions. 
6.3.2. Model Evaluation and Results 
In order to determine the quality of the fit, the mean-percent-error (MPE) was 
calculated for each data set. The MPE describes the standard percentage error between 
the predicted and observed data, and is given by: 
∑
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−
=
n
i e
ef
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1
1
(%)        Equation 6-12 
In this equation, xe is the experimental cell potential, xf is the calculated cell potential, 
and n is the number of points in the data set.  
 
The calculated cathodic parameters are shown in Table 6.3. For the Tafel slope, the 
double Tafel slope for the ORR is expected due to the overpotential inherent in normal 
fuel cell operation. The values obtained for bc increase with the feed methanol 
concentration from 68.1 to 108.3 mV dec−1. The Tafel slope value for low molarity 
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agrees well with the expected value, based on the literature values and the LSV-
calculated value from chapter 5 (Soderberg et al. 2006). At 4M methanol feed, the 
calculated Tafel slope is very close to the double Tafel slope from LSV. This agrees 
with the observations of the kinetic regions of the polarization curves in section 6.2.3. 
 
 
bc  
(mV dec
−1
) 
il
c
 
(A m
−2
) 
i0
c 
(A m
−2
) 
RΩ Rcross MPE 
0.5M 68.1 1437.0 2.42E-04 1.67E-04 6.57E-02 6.57% 
1M 81.9 2577.8 1.33E-03 9.06E-05 1.55E-01 6.72% 
2M 83.9 3555.6 4.31E-03 5.66E-05 2.84E-01 5.04% 
4M 108.3 6163.6 1.57E-02 9.28E-05 3.62E-01 4.50% 
Table 6.3 Calculated parameters from the model function 
The increase in fuel molarity also causes an increase in the equilibrium reaction rate. 
As a result, the exchange current density, i0
c, increases with the methanol feed 
concentration (Larminie and Dicks 2003). The 4M exchange current density result 
obtained with the model agrees well with the LSV value. 
 
The resistance due to methanol crossover, Rcross, was calculated for a cell current 
density of 1000 mA cm−2. The crossover resistance increases with the methanol 
concentration, which is expected, as the rate of crossover also increases with 
concentration (Heinzel and Barragán 1999). The effective ohmic resistance of the cell, 
which is due to both ionic and electronic resistive effects, also varies, with a minimum 
at 2M methanol feed. 
 
The agreement of the model Tafel slope and exchange current densities to the results 
experimentally obtained with LSV, and the relatively low mean error, suggest that the 
model is suitable for fitting to the DMFC results. The DMFC results of the 
experimental MEAs will be fit to the model using the same technique applied above. 
6.4. ELECTROCHEMICAL IMPEDA*CE SPECTROSCOPY 
The electrical conductivity of a carbon support can have a large effect on the overall 
performance of the fuel cell. The electrical resistance of the carbon support comes from 
two different components: the inherent resistance of the carbon substrate and the 
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contact resistance between carbon particles (Parthasarathy et al. 1992; Yuan et al. 
2007). This means that both the synthesis/ carbonization technique and the substrate 
morphology will dictate the resistance of the carbon support (Shao et al. 2009). The 
effect of the cathode catalyst layer substrate morphology was studied by 
electrochemical impedance spectroscopy (EIS) in order to determine the impedance 
properties outside of the fuel cell environment. 
6.4.1. AC Impedance 
Either direct current (DC) or alternating current (AC) techniques can be used in EIS 
(Gasda et al. 2010). The latter technique, which is used in this research, employs a 
small AC voltage perturbation, which is applied to the DC fuel cell experiment at 
varying frequencies. Small frequencies are used so that the system remains close to a 
steady state condition; the steady response to the perturbations allows for precise 
measurements. The frequency is scanned over a predetermined range, and the 
impedance change can be recorded.  
 
The current-voltage relationship of the impedance can be expressed based on the 
definition of resistance given by Ohm’s law: 
ZtItV ⋅= )()(           Equation 6-13 
where V(t) and I(t) are the AC voltage and current, respectively, and Z is the system 
impedance. This is a complex term, which can be described based on its real and 
imaginary components, Z′ and Z″ In rectangular coordinates, this complex impedance 
can be expressed as: 
ZiZZ ′′−′=          Equation 6-14 
where 1−=i . 
 
In a galvanostatic AC impedance experiment, a sinusoidal current is applied to the 
electrode, and the corresponding voltage is measured, from which the amplitude and 
phase difference of the corresponding current is measured, from which the complex 
impedance can be determined. The sinusoidal voltage wave is given by: 
)2sin()( ϕπ += ftVtV m      Equation 6-15 
and the sinusoidal current by: 
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)2sin()( φπ += ftItI m      Equation 6-16 
where Vm and Im are the amplitudes of the sinusoidal voltage and current waves, 
respectively, f is the frequency, φ and ϕ are the phase angles, and t is the time (Yuan et 
al. 2010).  
 
The complex impedance and its components can be calculated using equations 6-16 
and 6-17 above and substituting into equation 6-14. The plot of Z′ versus –Z″ over a 
range of frequencies is called a Nyquist plot.  
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Figure 6.10 *yquist plot of the real impedance Z’ versus the imaginary impedance -Z", showing the complex 
impedance Z and the phase shift θ 
In a cell containing purely resistance, the sinusoidal current and voltage have the same 
frequency and phase (φ = ϕ), so Z = Z′ = R (Yuan et al. 2010). When the cell contains 
purely capacitance, there is a θ = +90° phase angle between the voltage and the current, 
so Z = (iωC)−1, where ω is the angular frequency and C is the capacitance. Finally, 
when the cell contains purely inductance, there is a θ  = −90° phase angle between the 
voltage and the current, so Z = iωL, where L is the inductance (Li 2007).  
 
In a real electrochemical cell, a single pure response is only observed in certain 
situations. The impedance arises from the overall system response to the applied 
voltage perturbation, which is the sum of the system’s microscopic transport and 
kinetic responses (Mamlouk 2008). These responses are observed as capacitive, 
inductive and dissipative effects that can be interpreted and assigned to physical 
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processes. Capacitive effects occur due to double layer capacitance at the electrode-
electrolyte interface, inductive effects occur due to adsorption of species onto catalyst 
surfaces and dissipative effects appear due to resistance caused by ohmic losses of 
proton and electron conductance (Macdonald and Johnson 2005). This study in 
particular focuses on the latter, so that the resistive properties of the carbon substrates 
can be found and compared. 
6.4.2. Circuit Modeling 
The real electrochemical reaction is much more complicated than the pure responses 
described in the previous paragraph. Electrochemical devices can be modeled using 
equivalent circuits of resistors, capacitors and inductors, and should be as simple as 
possible to represent the relevant system (Yuan et al. 2010).  
RΩ Cd
Zf
ic+if
ic
if
Rct
Zw
a)
b)
 
Figure 6.11 a) Example equivalent circuit for an electrochemical cell and b) equivalent subdivision of the 
Faradaic impedance. Redrawn from (Yuan et al. 2010). 
The total current that passes through the electrochemical cell is the sum of the Faradic 
current, if, and the double-layer charging current, ic., as shown on the left of  Figure 
6.11. The term RΩ represents the sum of the resistances between the anode and cathode. 
The double-layer of the electrode/ electrolyte interface provides pure capacitance, and 
is represented as such in the circuit. The Faradic impedance, corresponding to the 
charge transfer impedance at the electrode/ electrolyte interface, is a complex 
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impedance and cannot be represented by linear circuit elements that are independent of 
frequency (Bard and Faulkner 2001). A simple subdivision of the Faradic impedance Zf 
is shown in Figure 6.11b and consists of a charge transfer resistance term, Rct, and the 
Warburg impedance, which represents the mass transfer of the electroactive species 
(Yuan et al. 2010). 
 
An impedance spectrum arises from the relationship between the Z’ and Z”, which 
depends on the frequency ω. A typical Nyquist plot is shown in Figure 6.12, which is 
similar in shape to those reported in the literature (Roy et al. 2007). At very high 
frequency, where −Z” < 0, the impedance exhibits inductive behavior due to poisoning 
of the catalyst surface. 
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Figure 6.12 Example of a *yquist plot of the galvanostatic impedance of a Pt/Vulcan XC-72 M3 10/70  under 
real DMFC operation (5 mL min−1 of 1M MeOH, 1 L min−1 air, cell temperature 70°C, 1mgPt cm
−2 at both 
anode and cathode. The inset graph shows an expansion of the high frequency region of the plot, including the 
high-frequency Z’-intercept 
At the high frequency Z’-intercept of a Nyquist plot, where the phase shift is equal to 
zero, the impedance is due only to resistance without any capacitance or inductance.  
This is where the ohmic resistance of the MEA, RΩ, can be found (Danzer and Hofer 
2009). This is the sum of the resistances contributed by contact resistance and the 
ohmic resistance of all of the cell components, including the MEA and the current 
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collectors (Kurzweil and Fischle 2004). The combined anodic and cathodic charge 
transfer and mass transport resistances (Rtot = RAC + RMT) is given by the distance 
between the high and low frequency Z′-axis intercepts of the Nyquist plot (Liu et al. 
2003).  
6.4.3. Frequency Response Analysis 
Frequency response analysis (FRA) was used to measure the fuel cell impedance with 
cathodes fabricated from the experimental catalysts. MEAs were manufactured using a 
standard procedure, outlined in Section 6.1.1. Identical manufacturing and testing 
procedures were used to ensure that the differences in impedance between MEAs were 
due solely to the cathode material. 
 
Impedance tests were performed in a single DMFC cell setup, with standard anodes, at 
50°C. Experiments were run using an Autolab PGSTAT30 Potentiostat/ Galvanostat., 
equipped with a Frequency Response Analyzer module A frequency range of 50 kHz to 
10 mHz was tested, with an amplitude of 30 mA. The system response to the applied 
frequencies were recorded and graphed in a Nyquist plot of real impedance (Z′) against 
imaginary impedance (−Z″).  
 
The reproducibility of the experimental MEAs was examined by fuel cell analysis 
(polarization). The results of this experiment are shown in section 6.5.1. Each substrate 
material demonstrates good agreement between polarization runs; this means that the 
differences in EIS performance arise from the substrate morphology, rather than 
differences than from the platinum deposition technique or random differences from 
substrate effects.  
6.4.3.1. Catalyst substrate effect on cell impedance 
Figure 6.13 shows the effect of the cathode catalyst substrate morphology on the 
overall impedance of the MEA in the DMFC operating at 15 mA cm−2. Utilizing 
standard anodes and membranes, the differences in impedance behavior should be due 
only to the differences in the cathode catalyst substrate morphology. As seen in the 
figure, there is a large effect of substrate morphology on both real and imaginary 
impedance. The ohmic resistances of the MEAs, as determined by the high frequency 
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Z′-intercept, were 0.011, 0.013 and 0.012 Ω for C-Celatom, CMK-3 and Vulcan XC-72 
respectively.   
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Figure 6.13 Frequency response analysis *yquist plot of M3 Cold Catalysts at 15 mA cm−2, 50°C with 
5 mL min−1 of 1 M MeOH fuel feed and 1L min−1 air feed. 
Though the ohmic resistances of each MEA are similar, there is a large difference in the 
overall cell resistance. It is clear from the differences in the impedance arc diameters that 
the Pt/C-Celatom exhibits a much lower electrode resistance than either Pt/CMK-3 or 
Pt/Vulcan XC-72. The observed values of Rtot were 0.133, 0.459 and 0.398Ω. This 
demonstrates that the charge transfer and/ or mass transfer resistances are affected by the 
substrate morphology. 
 
The shape of the impedance curves suggest that two partially overlapping impedance arcs 
may be occurring in each case. This would be consistent with a high-frequency arc 
associated with charge transfer resistance and double layer capacitance, and a low-
frequency arc due to mass transport processes (Wagner and Gülzow 2004).  
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The shape of the impedance curve arises primarily due to combination of the anodic and 
cathodic charge transfer arcs, which overlap. The high-frequency arc represents the 
cathodic mass transfer, which is small for both Pt/C-Celatom and Pt/Vulcan XC-72 
(starting around Z′ = 0.13 and 0.35 Ω, respectively), but much larger for the Pt/CMK-3. 
The differences in impedance might be attributed to the differences in porosity of the 
catalyst substrates. Du et al. (2004) found that the effective protonic and electronic 
conductivity of a catalyst layer decreases quickly with increasing substrate porosity (Du 
et al. 2004). Overall, the C-Celatom demonstrates the lowest substrate porosity (Holmes 
et al. 2006), followed by Vulcan XC-72 (Du et al. 2004), and then CMK-3 (Rao et al. 
2005). 
 
The impedance results agree with the ORR activity results obtained from LSV. Despite 
its relatively low ESA, the Pt/C-Celatom exhibits the highest activity towards the ORR, 
and the greatest kinetic activity; this is evidenced by the low onset potential and high 
oxygen reduction charge, as well as the low charge transfer impedance. Conversely, 
Pt/CMK-3 exhibits a high ESA, but poor ORR activity in the fuel cell environment, 
which makes it less suitable for fuel cell catalysis.  
6.4.3.2. Cell Current Effect on Impedance 
The impedance experiment was repeated at two cell currents, 10 mA cm−2 to 
investigate the behavior in the activation-controlled “kinetic” region of the polarization 
curve, and 40 mA cm−2 for the resistance-controlled “ohmic” region. In both of these 
regions, the cell resistance should be dominated by the ohmic resistance within the cell, 
but there is also a significant contribution of mass transport resistance to the 
impedance. Figure 6.14 shows the effect of the cathode catalyst substrate morphology 
in the fabricated MEAs on the cell impedance at 800 mA (40 mA cm−2). 
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Figure 6.14 FRA *yquist plot of M3 Cold catalysts at 40 mA cm−2, at 50°C with 5mL min−1 of 1 M MeOH fuel 
feed and 1 L min−1 air feed. 
As seen in the figure, the overall cell impedance decreased significantly for both 
Pt/Vulcan XC-72 and Pt/CMK-3 when the operating current density was increased 
from 15 to 40mA cm−2(from 0.398 and 0.459 Ω to 0.184 and 0.148 Ω respectively), 
though there is a small increase in the Pt/C-Celatom impedance (0.133 to 0.138 Ω). The 
observed decrease in cell impedance can be attributed to the increase of the driving 
force for the ORR at higher current densities, which results in a lower corresponding 
charge transfer resistance (Onfroy et al. 2009). Melnick and Palmore (2001) attributed 
the decreased charge transfer resistance to the decrease in catalyst surface coverage of 
methanol residues, which leaves more active sites for the MOR to proceed (Melnick 
and Palmore 2001). The unchanged performance of the Pt/C-Celatom MEA at higher 
current density implies that neither the increase in MOR or ORR kinetics are the 
determining factor of the impedance; this means that the electrochemical impedance is 
not limited by the rate of the electrochemical reaction.  
 
At increased polarization, the mass transport limitations in the cell become more 
apparent (Asghari et al. 2010).The low-frequency mass transport arc is biggest for the 
Pt/Vulcan XC-72 catalyst. The impedance contribution of the mass transfer becomes 
apparent just below Z’ = 0.15Ω. This result is expected due to the microporous Vulcan 
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XC-72 structure, less so for the mesoporous CMK-3 substrate. This is due to the 
progressively larger pores of the cathode substrates, which facilitates O2 transport to the 
catalyst sites (Xie and Holdcroft 2004).This highlights the effect that the cathode 
substrate pore structure has on the MEA performance, and the preference for cathode 
catalyst substrates with larger pore structures.  
6.4.3.3. Methanol Concentration Effect on Impedance 
The FRA experiment was also performed with higher methanol feed concentrations to 
examine the effect on the cell impedance. Figure 6.15 shows the resulting spectra of the 
FRA experiment on the fabricated MEAs at 15 mA cm−2. 
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Figure 6.15 *yquist plot of M3 Cold catalysts at 15 mA cm−2, at 50°C with 5 mL min−1 of 2 M MeOH fuel feed 
and 1 L min−1 air feed. 
A significant change in the impedance curve for each MEA was observed compared to 
the data obtained with a 1 M methanol feed.  The effect of the increase in methanol 
concentration is most evident for the Pt/C-Celatom MEA, which experiences an increase 
in charge transfer resistance from 0.133 Ω to 0.320 Ω. Both the Pt/Vulcan XC-72 and 
Pt/CMK-3 MEAs experience a decrease in resistance, to 0.357 and 0.450 Ω, respectively. 
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The trend of decreasing resistance can also be observed when the feed concentration was 
increased to 4M, as shown in Figure 6.16. 
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Figure 6.16 *yquist plot of M3 Cold catalysts at 40 mA cm−2, at 50°C with 5 mL min−1 of 4 M MeOH fuel feed 
and 1 L min−1 air feed. 
In this experiment, the resistances decreased from the 2M values in all cases. The 
observed Rtot values were 0.309, 0.445 and 0.227Ω for Pt/C-Celatom, Pt/CMK-3 and 
Pt/Vulcan XC-72. This is opposite to the trend commonly observed, of increasing 
impedance with methanol concentration (Gasda et al. 2010). This is typically attributed to 
the increase in catalyst coverage of methanol oxidation reaction byproducts at high 
concentrations, which seems to be more of a problem for the Pt/C-Celatom at higher 
molarity. The performance increase can be attributed to an increase in methanol 
oxidation reaction and ORR activity, especially in the case of the Pt/Vulcan XC-72 at 4M 
(Chakraborty et al. 2006; Seo and Lee 2010). A summary of the concentration results is 
shown graphically in Figure 6.17. 
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Figure 6.17 Total cell resistance values from *yquist plots for experimental MEAs at different operating fuel 
feed concentrations. 
Based on this result, the Pt/C-Celatom would be expected the show the greatest resistive 
performance at 1M and 2M, and the Pt/Vulcan XC-72 the greatest at 4M. 
6.4.4. Summary 
The electrochemical impedance of the novel fabricated MEAs was examined. Based on 
the Nyquist plots generated from the impedance spectra for each fabricated MEA, the 
ohmic resistance (RΩ) and the total resistance (Rtot = RAC + RMT) were found, using the 
intercepts with the real impedance (Z′) axis. The acquired resistance values can be used 
to predict the fuel cell performance. The resistances obtained indicated that the Pt/C-
Celatom would be expected to exhibit the lowest charge transfer and mass transport 
resistance when operated in the fuel cell at both 1M and 2M methanol feed. At 4M 
methanol feed, the Pt/Vulcan XC-72 would be expected to give the greatest catalytic 
activity of the fabricated Pt/C catalysts. 
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6.5. DMFC RESULTS OF *OVEL CATALYST MATERIALS 
The purpose of this research is to synthesize and evaluate carbon materials with diverse 
morphologies as fuel cell cathode electrocatalysts. To this end, fuel cell results were 
obtained using the synthesized electrocatalysts rather than the commercial catalyst as 
the cathode catalyst. The experimental MEAs were fabricated by spraying the anode 
GDL with the commercial 60% Pt:Ru/ Vulcan XC-72 using the procedure in Section 
6.1.1, while the 19.67 wt% Pt/CMK-3, 17.21 wt% Pt/Vulcan XC-72 and 17.14 wt% 
Pt/C-Celatom synthesized catalysts were employed at the cathode. In each case, the 
catalyst loadings were 1mgPt cm
−2 at each electrode, using the loadings obtained from 
ICP. The same hydration and conditioning procedures were used for the standard and 
experimental MEAs. 
 
Polarization and power density curves were obtained for each MEA at temperatures 
from 40-90°C, with methanol feed concentrations of 0.5, 1, 2 and 4M. These fuel cell 
results were also fit to the model used in section 6.3.1.  
6.5.1. MEA Reproducibility 
As in section 6.2.4, the reproducibility of the in-house fabricated experimental MEAs 
was examined. This study was carried out with the objective of determining if the 
fabricated MEAs perform consistently. The reliability of these results is important, 
since the DMFC results are crucial to the work in this thesis.  
 
The reproducibility study for the experimental MEAs will show not only the 
reproducibility of the MEA fabrication technique, which was previously examined with 
the standard MEA, but also the reproducibility of the platinum deposition technique, 
which is vital for all in situ fuel cell testing. 
 
In this experiment, two identical MEAs were fabricated according to the specifications 
provided in sections 6.1.1 and 6.4. The MEAs were tested in the DMFC under the same 
operating conditions: 5 mL min−1 of 1M methanol, 1 L min−1 of air and a cell 
temperature of 70°C. The results from this experiment are shown in Figure 6.18 a-c. 
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Figure 6.18 Reproducibility results for MEAs with standard anodes and experimental cathode catalysts using 
a) Pt/C-Celatom, b) Pt/CMK-3, and c) Pt/Vulcan XC-72 
From the figures, the close agreement of the polarization curves in the activation 
polarization region can be clearly noted. The larger differences in the polarization curves 
occur at higher current density, above ~40 mA cm−2. The largest differences in the results 
are in the concentration overpotential region, which can be affected by the catalyst layer 
or GDL structure, or the DMFC operating conditions. As stated in section 6.2.4 for the 
standard MEAs, the high current density operation of the fuel cell can lead to variable 
performance even for the same MEA.  
 
Despite the differences in the high load performance of the polarization curves, the close 
agreement of the low and mid-current density range results confirms that the 
experimental MEAs are reproducible. Thus, the fabricated experimental MEAs are 
suitable for DMFC comparison. 
6.5.2. Catalyst Substrate Effect on Fuel Cell Polarization 
Fuel cell polarization temperature sweeps were performed using each of the 
experimental MEAs.  
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Figure 6.19 and Figure 6.20 show the polarization and power density curves for the 
experimental MEAs with 1M methanol feed at 80°C and 90°C. 
 
 
Figure 6.19 shows the polarization and power density curves at 80°C. The OCV 
obtained are 0.622, 0.572 and 0.547 V, with peak power densities of 26.5, 32.6, and 
27.6 mW cm−2 for the Pt/CMK-3, Pt/C-Celatom, Pt/Vulcan XC-72, respectively. 
Though these results are lower than the results obtained with the commercial fabricated 
MEA, the Pt/C-Celatom result is comparable. This result confirms that, despite the 
possible limitations to the platinum deposition technique, the fabricated electrocatalysts 
are viable materials for fuel cell use.  
 
Figure 6.20 shows the polarization and power density curves obtained with a cell 
temperature of 90°C. The peak power densities increased to 28.9, 35.5, and 32.5 mW 
cm−2, respectively. Despite the comparatively lower OCV and poor kinetics shown in 
the figure, the Pt/C-Celatom catalyst presents the highest power density of the tested 
materials. Conversely, the Pt/CMK-3 exhibits the highest open-circuit performance, but 
the lowest power density. The polarization data was fit to the model presented in 
section 6.3.1 in order to explain the differences in performance.  
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Figure 6.19 Polarization and power density curves for experimental MEAs at 80°C with 1M methanol feed at 
5mL min−1 and air feed at 1L min−1. 
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Figure 6.20 Polarization and power density curves for experimental MEAs at 90°C with 1M methanol feed at 
5mL min−1 and air feed at 1L min−1. 
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The results of the model fitting are tabulated in Table 6.4. The Pt/C-Celatom Tafel slope 
is significantly higher than that of Pt/CMK-3 or Pt/Vulcan XC-72, which indicates 
inferior electrode kinetics. However, the ohmic and crossover resistances of the MEA are 
lowest for this MEA, which would explain the high-current density performance and the 
high power density. The resistance trend from the model data agrees with the result from 
EIS in section 6.4.3.1.  
 
  
bc   
 (mV dec
−1
) 
il
c
 
(A m
−2
) 
i0
c 
 
(A m
−2
) 
RΩ Rcross MPE 
C-Celatom 99.2 2172.8 2.25E-02 9.07E-05 1.84E-01 4.73% 
CMK-3 67.2 3210.5 4.02E-02 1.19E-04 1.74E-01 5.13% 
Vulcan XC-72 55.1 2074.1 1.26E-04 1.81E-04 1.93E-01 5.68% 
Table 6.4 Output cathode parameters from model fitting at a cell temperature of 90°C with 5mL min−1 of 1M 
methanol feed and 1L min−1 of air. 
The activity of the C-Celatom MEA, here estimated by the exchange current density, is 
the lowest of the tested materials, which also agrees with the EIS prediction. The poor 
Pt/CMK-3 power density can be attributed to the ohmic and high methanol crossover 
resistance, despite the reasonable kinetics. The increased crossover resistances for the 
Pt/Vulcan XC-72 and the Pt/CMK-3 MEAs could be due to their increased porosity of 
their cathode catalyst supports, which can cause an increase of the pressure gradient 
across the MEA, and thus an increase in the methanol flux from the anode ( 2
1
ε∝MeOHu ) 
(Ye et al. 2009).  
6.5.3. Effect of Methanol Concentration on Fuel Cell 
Performance 
The effect of the feed methanol concentration on the cell performance was also studied. 
Methanol feed concentrations of 0.5M, 2M and 4M were used for fuel cell polarization 
runs at temperatures from 40-90°C. Figure 6.21 shows the power and polarization 
curves at 90°C with 0.5M methanol feed.  
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Figure 6.21 Polarization and power density curves for experimental MEAs at 90°C with 0.5M methanol feed 
at 5mL min−1 and air feed at 1L min−1. 
Comparing the voltages in the kinetic regions of Figure 6.20 and Figure 6.21, a 
significant drop in the electrochemical activity is evident when the concentration is 
reduced, though there is not a large disparity between the curves at 0.5M. However, there 
is a noticeable difference in the ohmic resistance, as seen in the slope of the polarization 
curves, and limiting current densities. These results are substantiated by the results from 
the model, shown in Table 6.5. As with the 1M experiment, the peak power density was 
25.8 with the C-Celatom catalyst, whereas the Pt/CMK-3 and Pt/Vulcan XC-72 power 
densities are 22.3 and 20.4 mW cm−2, respectively.  
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Figure 6.22 Polarization and power density curves for experimental MEAs at 90°C with 2M methanol feed at 
5mL min−1 and air feed at 1L min−1. 
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Figure 6.23 Polarization and power density curves for experimental MEAs at 90°C with 4M methanol feed at 
5mL min−1 and air feed at 1L min−1. 
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Contrary to lower molarity experiments, the Pt/C-Celatom electrocatalyst does not 
provide the greatest peak power density with 2M methanol feed. The highest power 
density is 45.5 mW cm−2 using Pt/Vulcan XC-72, which is actually higher than the 
standard commercial performance under similar operating conditions. The calculated 
Tafel slope for the manufactured Pt/Vulcan XC-72 is very similar to the 2M slope from 
the commercial 60% Pt/Vulcan XC-72 MEA in Table 6.3.  
 
This shows that, despite the possible deficiencies of the platinum deposition technique 
outlined in chapter 4, the resultant electrocatalyst exhibits sufficient activity to achieve 
comparable fuel cell performance. A summary of the output model results is shown in 
Table 6.5. The RΩ of the MEA is slightly higher for the manufactured catalyst than the 
commercial, but the Rcross is lower. It is possible that the particle agglomerates formed 
in the cathode catalyst layer help to inhibit the permeation of crossover methanol 
through the cathode catalyst layer, mitigating the effects of catalyst poisoning; this 
might also explain the diminished performance with increasing pore size. Due to time 
and equipment constraints, a more in depth investigation of the substrate and 
electrocatalyst surface area and pore characteristics was not possible. Such an 
investigation might clarify the effect of the pore characteristics of the cathode catalyst 
on crossover.  
 
The Pt/C-Celatom and Pt/CMK-3 demonstrated peak performances of 41.2 and 
35.1 mW cm−2. In each case, the electrochemical kinetics are enhanced over the lower 
molarity experiments, and over the standard, which explains the high relative 
performance. The model values determined for the C-Celatom and CMK-3 MEAs are 
very similar in terms of both activity and resistance. However, it seems that the increase 
in fuel crossover limits the performance of the C-Celatom MEA, and it is the only 
material that performs below the standard.  
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bc 
(mV dec
−1
) 
il
c
    
 (A m
−2
) 
i0
c             
(A m
−2
) 
RΩ Rcross MPE 
0.5M C-Celatom 150.1 1611.8 6.39E-02 4.45E-05 5.86E-02 5.74% 
CMK-3 147.0 1652.9 7.82E-02 6.93E-05 5.71E-02 4.37% 
Vulcan XC-72 144.2 1321.6 9.28E-02 1.07E-04 7.14E-02 4.83% 
              
2M C-Celatom 72.6 2913.6 5.32E-02 1.07E-04 3.47E-01 4.59% 
CMK-3 70.0 3716.5 5.12E-02 1.23E-04 3.15E-01 6.05% 
Vulcan XC-72 64.7 3778.7 2.19E-02 6.92E-05 2.67E-01 4.12% 
              
4M C-Celatom 69.4 2269.1 5.22E-03 8.87E-05 9.84E-01 4.78% 
CMK-3 56.7 3335.0 5.39E-03 1.19E-04 6.69E-01 6.52% 
Vulcan XC-72 86.1 3312.0 1.94E-03 5.69E-05 6.74E-01 4.86% 
Table 6.5 Output cathode parameters from model fitting at a cell temperature of 90°C with 1L min−1 of air 
and 5mL min−1 of methanol feed at different concentrations. 
The fuel cell polarization was carried out at 4M primarily to exacerbate the effects of 
methanol crossover. As seen in the table above, the electrode kinetics are not changed 
appreciably from the 2M result for either C-Celatom or Pt/Vulcan XC-72. As with the 
2M run, the C-Celatom MEA exhibits the lowest power and limiting current densities 
with the 4M feed. Again, this is chiefly due to the methanol crossover resistance in the 
MEA, which is considerably larger with this MEA. The mesoporous structure of the 
CMK-3 is ideal at this molarity, resulting in a peak power density four times that of the 
standard. It is possible that the macroporous C-Celatom allows for fast permeation of 
diffused methanol. Based on the high Rcross values at higher molarity, the crossed over 
methanol is oxidized quickly enough to form a significant mixed electrode potential and 
subsequent drop in cell performance; this may indicate that the C-Celatom is a viable 
substrate for the anodic MOR, though further testing would be necessary. Likewise, the 
microporous Vulcan XC-72 structure may inhibit the flow of methanol through the 
catalyst layer, but the effects of flooding from both crossover and water formation would 
hinder reagent transport through the catalyst layer, decreasing the activity and increasing 
the crossover effects (Ge and Liu 2005).  
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Figure 6.24 Tafel slopes from fuel cell data at 90°C with 1 L min−1, fit to Equation 6.11 for different methanol 
feed concentrations at 5 mL min−1. 
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Figure 6.25 Crossover resistances from fuel cell data at 90°C with 1 L min−1, fit to Equation 6.11 for different 
methanol feed concentrations at 5 mL min−1. 
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The peak power densities for the experimental and commercial MEAs were compared. 
Figure 6.26 shows a summary of the performance for single fuel cell tests at 90°C, for 
each of the tested molarities.  
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Figure 6.26 Performance comparison of experimental MEAs by peak power density, at different methanol 
feed concentrations at 90°C, with 1L min−1 air feed. 
 
It is clear that the Pt/C-Celatom catalyst demonstrates in enhanced performance at low 
methanol concentrations. The poor performance at high molarities might limit the 
commercial viability of C-Celatom as a fuel cell electrocatalyst substrate, given that 
higher concentrations are more practical for portable applications.  
6.6. CO*CLUSIO*S 
The in situ fuel cell evaluation of the materials developed in this research was 
presented in this chapter. The fuel cell test system and the techniques used for MEA 
fabrication were described. The results from a standard, laboratory manufactured MEA 
with commercial anode and cathode electrocatalysts were shown, along with an 
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optimization of the operating conditions for fuel cell testing. The reproducibility of the 
standard MEA results was examined and, despite small differences in performance, the 
confirmed for the standard in-house MEA fabrication procedure. This allows the 
laboratory-produced MEAs to be used as a basis for comparison for future fuel cell 
results.  
 
In situ impedance evaluation of the fabricated experimental MEAs was carried out by 
EIS. Galvanostatic FRA was used to determine the ohmic and charge transfer resistance 
of the fabricated MEAs. The experiment was carried out at two current densities, and 
three molarities to examine the effects of the operating conditions on the impedance. 
Based on these results, the Pt/C-Celatom MEA was predicted to have the lowest charge 
transfer and mass transport resistance with 1 and 2M methanol feed. The results further 
confirmed the prediction of good catalytic performance during in situ DMFC testing, 
based on the high ORR activity, as determined previously by LSV.  
 
Finally, DMFC testing was used to determine the viability of the synthesized catalysts 
for commercial use. The DMFC performance was found to be highly dependent on the 
cathode substrate morphology. The novel Pt/C-Celatom MEA exhibited outstanding 
performance at low concentration operation, based on the power density performance. 
At higher molarities, however, the pore characteristics limit the performance and the 
best performance is achieved with the microporous Vulcan XC-72 substrate with a 2M 
feed, and with the mesoporous CMK-3 substrate at 4M feed.  
 
A model developed by Li et al. (2006) was used to fit the standard DMFC results, to 
determine its feasibility for experimental data fitting. The agreement of the results to 
those previously obtained experimentally suggest that the model is sufficient for the 
intended use, and it was later used to fit the polarization results of the Pt/C-Celatom, 
Pt/Vulcan XC-72 and Pt/CMK-3 fabricated MEAs.  
 
In summary, the in situ testing and model fitting of cathode catalyst substrates for 
DMFC was carried out. The novel electrocatalyst material developed in this work, 
Pt/C-Celatom, demonstrated greater DMFC power output than the other tested 
substrates at low molarity. The DMFC performance differences due to the substrate 
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morphology were also investigated and discussed. Thus, the main objectives of this 
work have been successfully achieved.  
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CHAPTER 7. CO*CLUSIO*S A*D FUTURE WORK 
 
 
7.1. CO*CLUSIO*S 
The main objective of this research was to evaluate the porous carbon derived from 
diatomaceous earth as an alternative oxygen reduction electrocatalyst, and to examine 
the effects of the cathode catalyst morphology on the performance of a DMFC. 
7.1.1. Materials Synthesis and Characterization 
In order to achieve the research goals, high surface area porous carbons were 
synthesized using a silica templating technique. Ordered mesoporous carbon CMK-3 
and disordered macroporous carbon C-Celatom were synthesized, using SBA-15 silica 
and diatomaceous earth, respectively, as template materials. Silica templates were 
infiltrated with a mixture of sucrose and sulfuric acid, carbonized at 900°C and, upon 
dissolution of the silica, a carbon analogue of the original template was obtained.  
 
Structures of the silica templates and of the analogue carbon materials were examined 
and confirmed by powder x-ray diffraction patterns and SEM. To provide a comparison 
with a standard material, a common commercial carbon substrate, Vulcan XC-72, was 
also evaluated using the same techniques. 
 
Electrocatalyst materials were fabricated using three different platinum deposition 
techniques - an incipient wetness technique, ethylene glycol reduction, and a colloidal 
alkoxide reduction method. The catalyst materials were evaluated based on their 
morphological characteristics, as determined by SEM, TEM and XRD. The 
electrocatalyst materials synthesized using the incipient wetness and ethylene glycol 
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techniques proved to be insufficient for further study. The alkoxide reduction catalyst 
preparation technique was selected for further study due to its high dispersion of 
uniformly sized nanocatalyst particles.  
 
The catalyst deposition using the colloidal technique was optimized first by changing 
the reaction mix concentration during the deposition procedure. Analysis of the 
synthesized electrocatalysts by TEM and SEM showed that the most dilute reaction 
mixture resulted in the best catalyst, with small, uniformly deposited platinum particles, 
and fewer agglomerates in the bulk. 
 
The effect of the catalyst reduction heating step of the alkoxide reduction was also 
examined. The rate of the catalyst reduction, which is affected by the temperature of 
the reaction mix, has a significant effect on the particle size and dispersion of the 
catalyst particles. The first technique, a rapid reduction performed by immediately 
heating the reaction mix to 70°C, was not fully reduced and produced a poorly 
dispersed catalyst with extensive agglomeration found by SEM. 
 
In the final two methods, the long duration heating step was added before the reaction 
at 70°C. First, the reaction mix was stirred at room temperature for 15-17 h before the 
70°C heating step (RT/70). TEM analysis showed that the RT/70 technique generated 
small, uniformly sized platinum nanoparticles (~2.1 nm) on the substrate surface, with 
significant clustering of particles in places. Visual inspection by SEM showed that, 
despite the good dispersion at the nanoscale, there was significant clustering, with 
particles up to 5 µm. 
 
The final deposition method was performed by cooling the reaction to 10°C in place of 
the room temperature step from the previous technique. Similar to TEM results with the 
RT/70 technique, the catalyst particles formed were small, uniformly dispersed 
particles with virtually no agglomeration. There was a larger discrepancy in the catalyst 
particle size between substrates, possibly due to ripening of the catalyst particles inside 
of the porous structure of CMK-3.  
 
Despite the encouraging TEM results, SEM analysis showed that, though smaller by 1-
2 µm, there was still clustering of the large particles in the bulk of the material. Despite 
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its shortcomings, the 10/70 alkoxide reduction method was determined to be the best of 
the tested methods and was considered viable for fuel cell testing. Catalyst loadings of 
19.67, 17.21 and 17.14 wt% on the CMK-3, Vulcan XC-72 and C-Celatom, 
respectively, were achieved.  
 
Three highly dispersed Pt/carbon catalysts were prepared using the alkoxide reduction 
method at 10°C and 70°C (10/70) for electrochemical studies. The catalyst specific 
surface areas were calculated from the XRD particle size, giving 130 m2 gPt
−1 for 
Pt/Vulcan XC-72, 86 m2 gPt
−1 for Pt/ CMK-3 and 118 m2 gPt
−1 for Pt/C-Celatom. 
7.1.2. Electrochemical Evaluation 
The electrocatalyst materials in this research were evaluated electrochemically in order 
to simplify testing and data interpretation. In this way, the characteristics and 
performance of an electrocatalyst are tested individually, and so the performance can be 
determined without having to consider the effects of multiple simultaneous processes. 
 
Active surface area analysis by CV was performed in order to gauge the viability of the 
synthesized catalysts before fuel cell testing. The ESA results were 33.38 m2 g−1Pt for 
Pt/Vulcan XC-72, 22.45 m2 g−1Pt for Pt/CMK-3 and 20.51 m
2 g−1Pt for Pt/C-Celatom. 
Comparing these results to the surface total surface areas estimated by XRD, the 
utilization ratio was found. Comparison with the commercial catalyst showed that the 
Pt/Vulcan XC-72 exhibited the highest electrochemical surface area and utilization 
ratio showing that, while there was some loss of performance due to the platinum 
deposition, the catalyst produced using the commercial substrate is still viable for fuel 
cell use. 
 
Catalytic activity of each catalyst was examined by LSV. Two synthesized catalyst 
materials, C-Celatom and CMK-3, show good performance towards oxygen reduction 
compared to the standard substrate, Vulcan XC-72. Pt/C-Celatom demonstrated a 
higher activity towards the ORR than either of the other tested materials. It showed the 
earliest onset peak, which means that it is more active towards the ORR at lower 
potentials than either CMK-3 or Vulcan XC-72. It also had the largest ORR charge 
transfer, which indicates a greater number of active sites available for the reaction.  
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The specific electrochemical and mass activities were used to compare materials based 
on their platinum surface area and content. The Pt/CMK-3 demonstrated the highest 
specific surface area, which means that it gets more performance out of its active sites 
than other catalysts. However, the C-Celatom demonstrated the highest mass activity, 
which is a necessity for commercial fuel cell catalysts.  
 
Based on the high ORR activity, charge transfer and mass activity demonstrated by the 
Pt/C-Celatom catalyst in this study, it is definitely a viable candidate for fuel cell 
cathode use.  
7.1.3. Fuel Cell Evaluation 
Membrane electrode assemblies (MEAs) were produced using a standard in-house 
fabrication procedure and evaluated in situ by EIS and in single cell DMFC 
polarization testing.  
 
Impedance evaluation of the fabricated MEAs was carried out by EIS. Evaluation of 
the cell impedance for different conditions was done to evaluate the effect of the 
substrate on the cell impedance with varying operating conditions. At low feed 
methanol concentration (1 and 2M), the C-Celatom MEA exhibited the lowest 
combined charge transfer and mass transport impedance of the tested materials. The 
CMK-3 exhibited the highest impedance for all of the tested molarities. The Pt/C-
Celatom showed the greatest catalytic performance at 1 and 2M methanol feed, and this 
would be the expected result for the polarization performance as well. 
 
The DMFC polarization results demonstrated that the cathode substrate morphology 
strongly affects the fuel cell performance. Fuel cell polarization results were obtained 
for temperatures from 40°C to 90°C, with methanol feed concentrations of 0.5M to 4M. 
A wide range of operating conditions was used to evaluate the performance in extreme 
conditions, to exaggerate the effect of certain parameters on the fuel cell performance. 
 
Despite the encouraging results from the electrochemical testing, the fuel cell 
polarization results show that the C-Celatom MEA typically exhibited low open circuit 
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voltages, particularly at high molarity. However, the peak power densities obtained at 
90°C with the C-Celatom MEA at both 0.5M and 1M feed (25.8 and 32.6 mW cm−2, 
respectively) were greater than those of either of the other tested materials, though not 
as high as the standard commercial MEA performance. The fuel cell results were fit to 
a model developed by Li et al. (2006) for DMFC performance curves. The model 
fitting results showed that, though the C-Celatom MEA exhibited the highest Tafel 
slope and the lowest exchange current density under both conditions, the low MEA 
resistance and crossover resistance allowed for enhanced performance at higher current 
densities, giving rise to the observed result. 
 
With 2M feed, the peak performance (45.5 mW cm−2) is obtained with the fabricated 
Vulcan XC-72 catalyst, which is actually better than the performance obtained with the 
commercial catalyst. Again, fabricated Pt/Vulcan XC-72 material exhibited the highest 
Tafel slope and lowest exchange current density in the model results, but the lowest cell 
ohmic resistance and crossover loss. It is clear from these results that the methanol 
crossover has possibly the greatest effect of any single parameter of the model, and that 
it is strongly affected by the morphology of the catalyst substrate. 
7.2. SUMMARY 
In this work, the production of carbon substrates, capable of attaining high metal 
loadings and dispersions, was carried out. Highly dispersed electrocatalysts with 
varying pore characteristics were synthesized and evaluated for fuel cell operation. An 
inexpensive, large surface area porous carbon substrate, C-Celatom which is based on 
diatomaceous earth, was fabricated and the goal of developing a successful 
electrocatalyst for oxygen reduction using this material was achieved. The successful 
use of this material as a fuel cell electrocatalyst, along with the inexpensive, widely 
abundant template material, indicate that this carbon structure may be a feasible 
alternative for commercial fuel cell use. 
 
C-Celatom was investigated for its use as a cathode catalyst substrate against an 
ordered mesoporous carbon from the literature, CMK-3, and a common commercial 
substrate, Vulcan XC-72. The materials were evaluated structurally, electrochemically, 
and finally in the fuel cell.  
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Electrochemical evaluation shows that the substrate morphology affects the 
performance in many different ways. Each of the tested materials exhibited good 
performance in at least one relevant aspect. The larger pore sizes of C-Celatom and 
CMK-3 enabled them to exhibit greater activity towards the ORR than Vulcan XC-72 
catalyst. Conversely, the Pt/Vulcan XC-72 demonstrated the highest electrochemically 
active surface area and platinum utilization ratio.  
 
Fuel cell evaluation of the synthesized catalysts highlighted the complicated pore 
effects of the cathode catalyst substrate. The macroporous Pt/C-Celatom exhibited the 
greatest performance of all of the tested materials at low molarity. The microporous 
Pt/Vulcan XC-72 demonstrated high power output with 2M feed, and the mesoporous 
Pt/CMK-3 demonstrated the highest power with 4M feed. Though the exact cause for 
these phenomena is not known, it is apparent that the substrate morphology as a 
significant effect on the physical and electrochemical properties of the catalyst. 
7.3. FUTURE WORK 
Despite the research achievements described in the previous sections of this work, there 
are improvements that can be made in future research. 
 
• Platinum Deposition 
 
Given the general nature of the alkoxide reduction platinum deposition technique used 
in this research, there is a great deal more optimization that can be done to enhance the 
electrocatalytic performance. In order to ensure that the catalyst does not inhibit the 
performance of any of the electrocatalysts, the dispersion quality of the deposition 
needs to be enhanced. The prevention of large-scale particle agglomeration, which is 
usually visible in the SEM, could help to enhance the catalytic performance.  
 
• Surface Area and Pore Size Distribution Evaluation 
 
It is possible that the poor bulk dispersion of platinum particles affect the performances 
of the substrates in diverse ways and to varying degrees. Surface area and pore size 
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evaluation of the catalyst materials, possible with nitrogen adsorption, may also help in 
understanding the effects of the catalyst morphology on the fuel cell and 
electrochemical performance. 
 
• Methanol Crossover 
 
The methanol crossover has a significant effect on the in situ DMFC performance. 
However, the effect of the cathode catalyst substrate on the crossover has not been 
examined extensively, nor has the effect of the morphology on the amount of 
poisoning. It is possible that the cathode catalyst porosity or pore size characteristics 
will affect what happens to the methanol when it crosses through to the cathode catalyst 
layer. It may be that catalysts with smaller pore sizes trap the methanol within their 
pores, leading to complete poisoning of the catalyst particles in a particular area, but 
less permeation of the methanol through the catalyst layer as a whole. 
 
• Mechanical Characteristics 
 
One advantage that carbon black has over either of the tested materials is the graphitic 
character of its structure. For templated carbons, alternate carbon precursors can be 
used in order to obtain a carbon with more graphitic character. Precursors such as 
phenanthrene or poly-vinyl chloride (PVC) can be used to enhance the conductivity of 
the substrate, which may in turn increase the overall performance of the fuel cell. 
 
• Substrate Stability 
 
MEA longevity is also an important concern for fuel cell commercialization. A catalyst 
needs to have high corrosion resistance in acidic media, as well as high activity, as 
commercial fuel cells and fuel cell stacks must have the capability of operating for tens 
of thousands of hours in order to compete with competing energy generation 
technologies. The chemical and thermal stability of the substrates can be examined in 
situ to determine the performance degradation of the synthesized materials versus the 
commercial substrate. Associated catalyst agglomeration and dissociation can also be 
examined. 
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• Methanol Oxidation 
 
Based on the high crossover resistance data determined from the empirical model, the 
Pt/C-Celatom material shows the highest activity towards the MOR. While this inhibits 
the high molarity performance of the C-Celatom MEA, with a more tolerant catalyst 
such as Pt:Ru, the C-Celatom may be a viable alternative as an anode catalyst substrate.
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